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ABSTRACT 
Oceanic strike-slip earthquakes occur on transform faults and fracture zones that 
cut across thousands of kilometers of seafloor. The largest of these events often rupture a 
considerable portion of their associated fault and can provide a comprehensive look at 
seismic slip across the entire fault plane as well as constraints on the depth extent of 
seismic slip. It is generally accepted that seismic and aseismic slip along oceanic 
transform faults is thermally controlled, however composition and geometry have been 
proposed as significant controls on some faults. High strain rates are a mechanism to 
achieve greater rupture depths, such as the unusually deep centroids reported for the 
largest strike-slip earthquake recorded to date, the 2012 MW 8.6 Indian Ocean earthquake. 
Detailed studies of notable earthquakes and surveys of well-known faults have been of 
great help in elucidating oceanic strike-slip rupture. Determining if observed behavior is 
characteristic of all oceanic strike-slip faults requires a different approach. 
To resolve how seismic and aseismic slip are controlled with depth and along 
strike, well-constrained depths of many earthquakes along oceanic strike-slip faults are 
determined by modeling teleseismic body waves. Finite-fault slip inversions are 
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calculated for the largest, most recent, and best-recorded oceanic strike-slip events. The 
constrained depth and along-strike location of slip for numerous oceanic earthquakes on 
strike-slip faults illuminates the distribution of seismic rupture on these faults in detail, as 
well as in unprecedented breadth through the examination of oceanic faults in a range of 
spreading rates and lithosphere ages. These well-constrained depths are within the 
expected limit to brittle failure (600-800ºC) and show that seismic rupture extends 
throughout the upper mantle to the crust. Observations of seismic rupture along oceanic 
strike-slip faults also provide a comparison to the behavior of continental strike-slip faults 
that pose a far greater hazard to population centers, such as the San Andreas Fault in the 
Western United States and the North Anatolian Fault in Turkey.   
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CHAPTER 1: INTRODUCTION 
Oceanic strike-slip earthquakes have exhibited a wide range of earthquake behavior, with 
observations of the highest (Allmann and Shearer, 2009; Choy and McGarr, 2002; Choy 
and Boatwright, 1995) and lowest stress drops (Pérez-Campos et al, 2003; Beroza and 
Jordan, 1990), reported rupture velocities from slow (McGuire et al., 1996; Ihmlé and 
Jordan, 1994) to average (Antolik et al., 2006) to supershear (Yue et al., 2013), 
geometries ranging from single fault (Abercrombie and Esktröm, 2001) to complex 
compound faults (Antolik et al., 2000), and from the easily forecasted earthquakes on the 
Gofar transform (McGuire, 2008) to the unexpected 2012 April MW 8.6 earthquake 
(McGuire and Beroza, 2012). Oceanic strike-slip earthquakes are generally far from land-
based seismic stations, making it difficult to detect events and determine source 
characteristics. More work is needed to resolve observations of oceanic strike-slip 
earthquakes source parameters and to compare these to inferred fault properties as well as 
observations made on continental strike-slip faults. With a greater range of well-
constrained observations we can determine what controls the location and magnitude of 
seismic slip, how fast the rupture will be and how much energy will be radiated, and 
when an earthquake will happen.   
Here I focus on what we can learn from the largest earthquakes that are well-
recorded globally. I focus on four regions that have been active in the past three years 
with recent and well-recorded MW ≥ 7.0 earthquakes, Figure 1.1. This had been aided by 
a significant increase in large magnitude earthquakes in this past decade (Lay, 2015). I 
address depth distribution of slip, and implications for the control on seismogenic 
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thickness. I also focus on the preferred direction and extent of rupture along strike to 
determine what controls the location of slip asperities. This could have implications for 
seismic hazard on comparable continental strike-slip faults. Directivity of rupture can 
increase the destructiveness of an earthquake as was demonstrated in the damaging 
Christchurch and Kobe earthquakes (Kaiser et al., 2012; Pitarka et al., 1998), or decrease 
the damage by rupturing away from population centers such as what happened during the 
Northridge earthquake (Somerville et al., 1996). 
 
1.1 Oceanic strike-slip fault characteristics 
Oceanic strike-slip faults have well-constrained long-term slip rates, known lithosphere 
composition, and relatively simple thermal structure. The tectonic history is often 
recorded for oceanic transform and fracture zone faults in magnetic anomalies.  These 
allow long-term plate motions to be calculated to determine a very accurate slip rate 
(Müller et al., 2008).  Fault geometry is also well determined at the seafloor from 
bathymetry with resolution up to 12.5 km along most prominent faults, with few of the 
problems that obscure faults on continents.  While we have little knowledge of what 
faulting is going on at depth due to a lack of local instrumentation, the seafloor is able to 
provide many significant clues. 
The mechanical layers of oceanic lithosphere can be approximated by a thermally 
determined upper mantle overlain by a uniform 7 km crust (White et al., 1992). The 
seismogenic width of oceanic transform faults was first estimated by Brune (1968) by 
summing up the moment of earthquakes located near faults and determining a width, 
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assuming a steady long term plate rate, a single fault plane, and full coupling flush with 
the seafloor. The results were a width of 1.2 km for the Eltanin Fracture Zone, 3.1 km for 
the Jan Mayen Fault and 6.5 km for the Romanche Fault. This would limit earthquake 
slip along transforms to occur only in oceanic crust. This is much shallower than what we 
expect if the limit to brittle failure in oceanic strike-slip faults is thermally controlled, as 
it is observed to be in continents (McKenzie et al., 2005).    
 
1.2 Oceanic strike-slip earthquake characteristics 
With the coverage of modern seismic networks we are now able to determine oceanic 
transform fault earthquakes centroid depths with errors of only a few kilometers 
(Aderhold and Abercombie, 2015; Maggi et al., 2005). The depth limit to brittle failure is 
now widely accepted to be between 600-800ºC isotherm based on earthquake 
observations (Braunmiller and Nábelek, 2008; Abercrombie and Ekström, 2001; 
Bergman and Solomon, 1988), laboratory experiments (Boettcher et al., 2007; Kohlstedt 
et al, 1995; Wiens, D. A. and S. Stein, 1983), and thermal modeling (McKenzie et al., 
2005; Roland et al., 2010). A half-space cooling model is sufficient for lithosphere with 
ages less than 75 My and predicts a steady increase in seismogenic depth with age; older 
lithosphere is better characterized by a plate cooling model that incorporates the 
flattening of the isotherms expected to occur at ~80 My with the onset of instability 
formation (Stein and Stein, 1992).  The crust is relatively uniform with an average of 7 
km and deviating only by thickening in continental-oceanic transition zones and thinning 
in regions affected by plume interaction (Stein and Wysession, 2003; Singh et al., 2011). 
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Earthquake depths can be defined based on the depth at which rupture initiates 
[hypocenter depth] or the center of where the majority of slip occurs [centroid depth], 
Figure 1.2. For earthquakes of all magnitudes the hypocenter and centroid depth can be 
the same or they can be different. In the work presented here, modeled depths of 
earthquakes smaller than MW 7.0 are reported as centroid depths unless stated otherwise. 
Earthquakes larger than MW 7.0 are investigated both in terms of where they first begin 
rupturing and where the majority of slip occurs. The entire area in which slip occurs 
during a large [MW ≥ 7.0] earthquake is described in terms of the fault length and fault 
width that ruptures in a single event, often simplified as a rectangle that encompasses the 
areas of major slip. This is not to be confused with the seismogenic width that defines the 
along dip area of a fault that fails seismically as the result of one or more earthquakes.  
Seismogenic width is corrected for the fault dip and reported as depth from the seafloor 
surface unless otherwise noted.  
Oceanic intraplate earthquakes occur at centroid depths up to 40 km in 80 My 
lithosphere and up to depths of 25 km for interplate earthquakes along the Romanche 
transform, consistent with thermal models (Wiens and Stein, 1983; Abercrombie and 
Ekström, 2001). The Romanche transform is one of the longest transforms, offsetting 
lithosphere of 50 My over a length of 900 km (Müller et al, 2008). As a consequence of a 
deeper seismogenic width for the Romanche tranform than the 6.5 km proposed by Brune 
(1968), fractional seismic coupling—the ratio of observed moment to expected 
moment—for transform faults is often very low. The remaining moment, 85% of the total 
slip on average, must be reconciled by aseismic slip (Boettcher and Jordan, 2004).  
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Most continental and subduction earthquakes rupture with the hypocenter 
centered in an area of high slip (Mai et al., 2005). An unusual rupture style, with the 
centroid significantly displaced from the hypocenter, is observed for oceanic strike-slip 
earthquakes. The 2003 Carlsberg earthquake had a duration of 70 seconds, nearly twice 
what was expected from global averages (Antolik et al., 2006). The unusual slip pattern 
of this earthquake is explained with rupture nucleating in a part of the fault 
accommodated partially by aseismic slip then progressing into a section of the fault 
ruptured primarily seismically (Antolik et al, 2006). Similar behavior was observed for 
the 1994 MW 7.0 Romanche transform earthquake, with slip initating in the younger 
lithosphere nearer the ridge and the majority of slip in two large patches up to 80 km 
along strike (Abercrombie and Esktröm, 2001). Two of the more unusual continental 
strike-slip earthquakes, the 2002 Denali Fault and the 2001 Kunlun Fault earthquakes, 
also ruptured unilaterally with large slip asperities some distance from the hypocenter 
(Ozacar and Beck, 2004). The areas of low slip along these faults are just as interesting as 
the areas of high slip, as we still do not understand if a section of fault is limited to one 
style of rupture or whether it can be bimodal, rupturing seismically or aseismically 
depending on controls such as strain rate. Aseismic slip must play a role along oceanic 
transform faults, and a better understanding of it may help with understanding aseismic 
slip along continental strike-slip faults. 
The location of where aseismic and seismic slip is accommodated is not known, 
but has enormous implications for understanding seismic cycles. While vertical location 
inaccuracies are the most problematic hindrance, horizontal location errors can also make 
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it difficult to determine an accurate distribution of fault slip behavior along strike and 
with depth. In this study I calculate better-constrained depths, benefitting from smaller 
horizontal location errors in modern global catalogs due to better station coverage and 
more accurate velocity structure models. I use these locations to determine whether 
earthquake slip is concentrated at the lower limit of brittle-failure, separated into fixed 
lateral segments, concentrated near the coldest or warmest section of fault, or displays a 
different distribution of seismic behavior.  
Fault structures, even minor [≤1km] features, have been observed to coincide with 
where rupture halts on an oceanic transform fault, acting as a barrier to rupture (Wolfson-
Schwehr et al., 2014). This fault segmentation has been shown to result in earthquakes 
with a high degree of forecastability in both time and space on three transforms along the 
East Pacific Rise (Boettcher and McGuire, 2009; McGuire, 2008). This behavior was also 
observed along the longest oceanic transform fault, the Eltanin fracture (Sykes and 
Ekström, 2012) and on the Blanco fault (Braunmiller and Nábělek, 2008; Boettcher and 
McGuire, 2009). Earthquake sequences afford an ideal laboratory in which to investigate 
full seismic cycles on oceanic strike-slip faults.   
A detailed study along the fast-slipping Gofar transform used ocean bottom 
instrumentation to capture a forecasted earthquake (McGuire et al., 2012). The extensive 
foreshock and aftershock sequence was relocated to distinguish a significant along-strike 
variation in hypocenter depth. McGuire et al. (2012) proposed that this along-strike 
difference could be due to a zone characterized by damaged and/or altered material, and 
that it could be the control on segmentation of faulting that produces the reliable and 
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forecastable earthquakes on this and other faults (Froment et al., 2014; Roland et al., 
2012).  Serpentinization reactions could be instigated at depths of 4 to 6 kilometers, 
though they are likely more commonly found at depths of less than 2 kilometers 
especially at faster-spreading ridges (Andreani et al, 2007). Serpentine was ruled out as 
an explanation for the observed behavior at Gofar using gravity data (Roland et al., 
2012). It is not fiscally feasible to deploy ocean bottom seismometers on every fault so 
other methods must be used to conclude if this rupture behavior is typical of oceanic 
transforms in general or specific to Gofar. 
To begin to understand the effect of temperature and other mechanisms that 
control rupture on oceanic strike-slip faults, precise depths and locations of seismic slip 
must be determined. Aseismic slip must be accommodated along oceanic strike-slip 
earthquakes through a thermally defined upper or lower bounding layer to the seismic 
zone, as large patches of fault that slip aseismically, or as multimodal rupture where areas 
of fault can rupture both seismically and aseismically at different times (Liu et al., 2012; 
Boettcher and Jordan, 2004). Depths of numerous seismic events will determine if 
seismic coupling on OTFs is bounded by the favored 600°C isotherm, if there are 
aseismic zones bounded by isotherms or if seismic slip occurs throughout all depths, 
implying locked asperities interacting with aseismic patches, Figure 1.3. 
Previous studies show that oceanic transform earthquakes have an order of 
magnitude more foreshocks yet produce fewer aftershocks than continental strike-slip 
earthquakes, suggesting that seismic triggering may occur differently than in continental 
systems (McGuire et al, 2005; Boettcher and Jordan, 2004). Oceanic intraplate 
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earthquakes, too, have been observed to produce fewer aftershocks than expected for 
their magnitude (Abercrombie et al., 2003). 
Oceanic strike-slip earthquakes have the highest apparent stresses (Choy and 
Boatwright, 1995; Choy and McGarr, 2002), more than that of any other tectonic setting. 
Accounting for focal mechanism bias in radiated energy calculations still results in the 
strike-slip earthquakes being the highest by at least a factor of two over other settings 
(Perez-Campos and Beroza, 2001). However, some oceanic strike-slip earthquakes have 
been reported to be deficient in high-frequency radiated seismic energy (Antolik et al, 
2006; Beroza and Jordan, 1990; Stein and Pelayo, 1991; Ihmlé and Jordan, 1994). A slow 
precursor to oceanic transform fault earthquakes was observed for the 1994 MW 7.0 
Romanche earthquake (McGuire et al., 1996), prompting an investigation into the 
contradiction of slow, weak, low-energy events and fast, strong, high-energy events 
occurring in the same tectonic setting.  Pérez-Campos et al (2003) identified other 
oceanic strike-slip earthquakes that exhibited long durations disproportionate to their 
seismic moments and apparent stresses an order of magnitude lower than expected. 
Abercrombie and Ekström (2001; 2003) proposed that slow precursor observed by 
McGuire et al. (1996) was due to mispicking of phase arrivals and using an unsuitable 
source structure model. Not using an appropriate oceanic structure affected the source 
spectrum, creating an anomalous low frequency precursor about 100 seconds before the 
start of the event. The model by Abercrombie and Ekström (2001) of the Romanche 
earthquake required no slow precursor. The slip initiated close to the western ridge and 
yet the largest slip asperities were located 50 km along strike of the hypocenter. Similar 
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unilateral rupture at similar rupture velocities [3.5-4.5 km/s] was found for the 2003 MW 
7.5 Carlsberg earthquake. Here, too, the hypocenter was near an active ridge and the 
majority of slip was a 200 km further along-strike. This has been interpreted as evidence 
of primarily aseismic deformation along the warmer fault near the ridge transitioning to 
accommodation via seismic slip in the colder fault further from the ridge (Antolik et al, 
2006).  
This debate over low versus high energy events highlights the problems that can 
arise with preconceptions about poorly understood earthquakes.  Improvements must be 
made in determining well-constrained focal mechanism and depth resolution while using 
appropriate modeling assumptions and accounting for difficulties in picking correct 
phases. This will reduce the uncertainties and allow the true variation in oceanic strike-
slip earthquake characteristics to be illuminated and subsequently investigated. 
 
1.3 Data and methods 
I investigate the largest and best recorded oceanic strike-slip earthquakes since 1990 by 
modeling teleseimic body waves for earthquake source properties. Following a 
comparable approach to that of Maggi et al (2005), seismograms recorded by global 
networks of high quality broadband seismometers at teleseismic stations between 30° to 
90° distance from the National Earthquake Information Center  (NEIC) epicenters are 
used to calculate a focal mechanism for each event. Emphasis is made on fitting the first 
arriving P wave polarities, and directivity effects are based on both P and SH waves. 
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After finalizing a focal mechanism, finite-fault slip inversions are performed to 
model the distribution of slip of the largest earthquakes. This inversion technique was 
employed by Abercrombie and Ekström (2001) and Antolik et al. (2006) for oceanic 
transform fault and intraplate oceanic earthquakes respectively. Slip is solved for by a 
damped least-squares inversion and Green’s functions calculated for a 1D earth model. 
This finite-fault inversion uses a grid of nodes positioned on a specific fault plane and 
requires a constant rupture velocity. Inverting for a range of rupture velocities along both 
faults planes of the focal mechanism is done to find an optimal solution with a minimum 
of variance from the recorded data. The reliability of the slip asperities is tested by 
incrementally reducing the fault width until the fit of the synthetics to the observed 
seismograms is greatly reduced. This distinguishes the areas of maximum slip and areas 
of low slip that are resolvable, providing insight on the beginning, the propagation and 
the eventual end of the seismic rupture of large magnitude strike-slip earthquakes.  
A simple half-space cooling model is used to delineate the thermal structure of the 
oceanic strike-slip faults. By overlaying the constrained depths of OTF events on a 
thermal model, I am able to conclude whether seismicity occurs at all depths, if there are 
aseismic zones bounded by isotherms, or if there are along-strike variations that control 
whether a portion of fault releases strain seismically or aseismically. There are further 
investigations to be done on the thermal structure of oceanic strike-slip faults, particularly 
in the inclusion of brittle weakening of the lithosphere, which thickens the lithosphere in 
the center of a transform fault and decreases the temperature at the ridge endpoints (Behn 
et al., 2007). 
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A layer of unconsolidated sediments complicates the depth phases, with further 
reverberations and relative phase amplitude changes due to a hetereogenous seafloor 
(Bowers, 2001). The timing interval between arriving water multiple phases, pwP, is used 
to estimate the thickness of the water column at the epicenter of the earthquake by 
modeling the waveform train following the initial P wave and depth phases with different 
source structures (Chu et al, 2011), Figure 1.4. 
Even with a well-constrained focal mechanism and precise slip inversions, it can 
still be unclear which of the two nodal planes corresponds to the fault plane of the event. 
Mapping foreshocks and aftershocks of each event will minimize this uncertainty by 
outlining a fault plane. 
 
1.4 Tectonic study sites 
The sites I have chosen to perform this study were chosen for their diversity in tectonic 
setting and their abundance of recent and well-recorded seismicity.  
The second chapter focuses on the Alaska area where the Queen Charlotte-
Fairweather fault is the boundary between oceanic lithosphere of 12-20 My in age and 
continental accreted terranes.  This area allows for observations on the behavior of an 
oceanic-continental fault, and we show that the oceanic side of the fault appears to 
control both the depth of seismic rupture as well as the low aftershock productivity of the 
mainshocks.  The largest earthquake along this fault was the 2013 MW 7.5 Craig 
earthquake that ruptured bilaterally with possible supershear rupture to the north 
consistant with previous observations (Yue et al., 2013).   
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The third chapter focuses on the Wharton Basin area of Sumatra, where lithosphere with 
ages of between 40 to 110 My is deforming internally, possibly to form a new plate 
boundary (Royer and Gordon, 1997; Petroy and Wiens, 1989). Prominent north-south 
fracture zones have been observed to be reactivated in the Wharton Basin (Deplus et al., 
1998), however we present evidence of recent strike-slip earthquakes that may have 
ruptured east-west oriented faults. The largest strike-slip earthquake ever recorded by 
modern instrumentation, the 2012 MW 8.6 Wharton Basin earthquake, appeared to have 
ruptured multiple orthongonal faults. This rupture pattern is outlined by the aftershock 
distribution as well as multiple backprojection studies (Wang et al., 2012; Duputel et al., 
2012; Meng et al., 2012; Ishii et al., 2013; Wei et al., 2013). Very little structural 
evidence has been found for active strike-slip east-west faults (Carton et al., 2014) and 
one backprojection study presents an opposing argument that only north-south faults are 
needed to fit the observations (Satriano et al., 2012). The westward ruptures we observe 
for the 2005 and 2015 MW 7.2 earthquakes here support active east-west oriented faulting 
in this region, but we cannot constrain whether these are new or reactivated faults, Figure 
1.5. This off-Sumatra area represents some of the oldest deforming oceanic lithosphere, 
and we calculate centroid depths of the MW ≥ 6.0 earthquakes to show that the strike-slip 
seismicity here is consistent with a thermal limitation to brittle failure at the 800ºC 
isotherm. Several studies suggest the 2012 MW 8.6 Wharton Basin earthquake ruptured 
lithosphere below the 800ºC isotherm, possibly due to a velocity-strengthening 
mechanism (McGuire and Beroza, 2012).  We do not observe seismic rupture at these 
depths for 7.5 ≥ MW ≥ 6.0 earthquakes, suggesting that this behavior is only possible for 
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very high magnitude and high slip earthquakes.  It is important to understand how 
complex faulting behavior occurs so that we can correctly quantify hazard of intraplate 
deformation in other areas, such as other subduction zones like Cascadia and deforming 
intraplate continental areas like the New Madrid area of Missouri. 
The fourth chapter of this dissertation concerns the South Sandwich Islands 
region where recent strike-slip earthquakes have occurred along the South Sandwich 
Island transform fault as well as within the subducting South American plate. The 2006 
MW 7.4 and 2013 MW 7.3 that occurred along the transform allow for a rare observation of 
complementary slip of large earthquakes.  Both events initated near opposite ridges and 
ruptured towards the older, cooler middle of the transform with at least two large slip 
asperities up to 100 km along strike from the hypocenter. The fifth chapter presents 
evidence for the same behavior for the 2015 MW 7.1 Charlie-Gibbs earthquake, with 
rupture initiating near the ridge and the largest slip occurring between 25 and 100 km 
from the hypocenter. Similar behavior has been observed previously for the 1994 MW 7.0 
Romanche earthquake (Abercrombie and Esktröm, 2001) as well as for the 2003 MW 7.5 
Carlsberg earthquake (Antolik et al., 2006).  
The sixth chapter considers the combined results from the four regional studies to 
investigate the controls on the rupture behavior of oceanic strike-slip earthquakes and 
faults. Oceanic strike-slip earthquakes appear to have distinct behavior depending on 
their location in either interplate settings (plate boundary/transfom) or intraplate settings 
(fracture zones).  Rupture behavior could also be controlled by thermal differences from 
the age of the lithosphere, relative velocity of the two sides of the fault which could 
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control the frequency of ruptures via the fault healing time or the size of ruptures based 
on the strain rate, geometry of the fault based on the tectonic loading vector and the angle 
relative to the optimally oriented fault, or along strike differences in the fault due to 
porosity/damage areas, hydrothermally altered fault material or small scale fault offsets.  
 
The broad research questions I will answer in this study with results from all of the above 
study sites as well as with additional large magnitude single events are: 
1. Is seismic slip solely controlled by thermal structure? Are there other controls and 
how important are they? 
2. Are oceanic strike-slip earthquakes inherently different than continental strike-slip 
earthquakes? 
3. Are there clear behavioral differences between oceanic strike-slip earthquakes 
along transforms, interplate boundaries or intraplate? 
 
 
 
15 
 
 
 
Figure 1.1. Global MW ≥ 7.0 earthquakes from the gCMT catalog. Moment tensors for 
all MW ≥ 7.0 earthquakes in the gCMT catalog since 1990 are plotted, with plate 
boundaries in red (Bird et al., 2003) and fracture zones in black (Matthews et al., 2011). 
Focus sites are highlighted: (purple) Alaska, (green) Mid-Atlantic, (orange) South 
Sandwich Islands, and (blue) Sumatra. 
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Figure 1.2. Definitions of earthquake and fault parameters. Hypocenter depth is the 
depth at which the earthquake begins rupturing, whereas the centroid depth is the depth 
centered at which the majority of the slip occurred. Fault rupture length and width are 
used to describe the extent of a single earthquake, while the seismogenic width defines 
the area along dip that a fault that can rupture in one or multiple earthquakes.  Red areas 
represent areas of resolvable slip of 1 m or more, white represent areas below the 
resolution of this study that could slip less than 1 m, and grey areas represent portions of 
the fault where deformation is accommodated aseismically.   
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Figure 1.3. Possible rupture models for oceanic transform faults (After Boettcher 
and Jordan, 2004). Four possible ways in which seismic and aseismic fault behavior is 
accounted for along an oceanic transform fault.  All models show a limit to seismic 
failure thermally controlled by a 600ºC isotherm, with ductile failure at lower depths.  
The left two models are only thermally controlled, and the right two models show along-
strike differences in coupling (top) and bi-modal failure (bottom) where areas of fault can 
rupture seismically or aseismically depending on other factors. 
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Figure 1.4. Body wave phases due to source structural complexity. Pressure and shear 
waves can be transmitted through sedimentary layers, sometimes with multiple 
reverberations.  Shear waves cannot be transmitted through the water column, but 
pressure waves can and the multiples can be used to determine the depth of the water at 
the earthquake source if the bathymetry is uniform (Chu et al., 2011).  The phases from 
water and sediment layers are stronger than the crust-mantle boundary because the 
amount of power transmitted is dependent on the contrast of the velocity at the boundary.  
The primary body wave phases [P, pP, sP, SH] are sometimes difficult to distinguish 
from these additional phases from source structure complexity.     
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Figure 1.5. Initial and reactivated fault failure in the stress domain (After Stein and 
Wysession, 2003).  The initial failure of a fault must overcome the cohesive strength of 
the rock and fracture will occur along an orientation θf to the stress orientation.  This fault 
can now be reactivated at a wider range of stress orientations. 
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CHAPTER 2: SEISMIC RUPTURE ON AN OCEANIC-
CONTINENTAL PLATE BOUNDARY: STRIKE-SLIP 
EARTHQUAKES ALONG THE QUEEN CHARLOTTE-
FAIRWEATHER FAULT 
 
Kasey Aderhold1, Rachel E. Abercrombie1 
1Boston University, Department of Earth & Environment, Boston, MA, 02215, USA 
(kasey@bu.edu) 
 
2.1 ABSTRACT 
We investigate the 2013 MW 7.5 Craig earthquake and nearby seismicity to 
understand better how temperature and composition may control the depth of seismic 
rupture along a strike-slip fault offsetting contrasting lithosphere types. The Queen 
Charlotte-Fairweather (QCF) fault lies between the oceanic lithosphere of the Pacific 
plate and the accreted Insular Superterrane of the North American continent. We use 
point source and finite fault modeling of teleseismic body waves to characterize the focal 
mechanism and the depth extent of seismic rupture of five MW 5.9-7.5 earthquakes. Four 
of the five earthquakes are consistent with rupture on the QCF fault. We find that these 
four earthquakes have centroid depths between 11-18 km [± 3 km] and an order of 
magnitude less aftershocks than typical continental earthquakes. Finite fault modeling of 
the 2013 Craig earthquake favors bilateral rupture along a 150 km fault with a depth 
range of slip between 5-25 km, with faster rupture [4-5 km/s] to the north than the south 
[1 km/s]. These results suggest that the transition of brittle to ductile deformation along 
this section of the Pacific-North American plate boundary is thermally controlled by a 
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more mafic rheology than average continental crust, exhibiting behavior consistent with 
that of an oceanic strike-slip fault.  
 
2.2 INTRODUCTION 
Stretching along the coast of Alaska and Canada, the Queen Charlotte-
Fairweather (QCF) fault forms a transform boundary between the continental North 
American plate to the east and the oceanic Pacific plate to the west, Figure 2.1. This 
affords an opportunity to examine the behavior of seismicity along a strike-slip fault with 
different material properties on either side that influence the depth extent of seismicity, 
focal mechanisms, and aftershock sequences.  
This boundary has hosted large strike-slip earthquakes including Canada’s largest 
earthquake, a MW 8.1 on 22 August 1949, as well as the 1958 MW 7.9 further north 
(Gutenburg and Richter, 1954; Page et al., 1991). The 1949 earthquake had a rupture 
length between 300-500 km in length outlined by the aftershock sequence (Rogers, 
1986). The 1958 rupture to the north enabled the identification of a possible seismic gap 
on the QCF fault between 56-57º N (Sykes, 1971; Rogers, 1986). In 1972, the MS 7.6 
Sitka earthquake ruptured 150 km of the QCF fault, though the bilateral rupture made it 
difficult to determine the extent of slip south of the epicenter (Schell and Ruff, 1989). 
The 1972 earthquake was thought to have ruptured the entirety of the northern seismic 
gap and the observation by Sykes (1971) was cited as a successful earthquake forecast 
(Schell and Ruff, 1989).  
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The most recent large earthquake on the QCF fault is the 5 January 2013, MW 7.5 
Craig earthquake occurring to the southeast of the 1972 epicenter, initiating on the 
southern end of the northern seismic gap and confirming the remarks of Sykes (1971) that 
this gap could be as long as 300 km. Yue et al. (2013) determined supershear rupture for 
the 2013 Craig earthquake using regional waveforms and GPS, attributing this behavior 
to the differing material properties of the fault. This study used teleseismic waveforms to 
identify two slip asperities along the fault with rupture limited from the surface to a depth 
of 9 km (Yue et al., 2013). Also using teleseismic waveforms, Lay et al. (2013) found an 
average rupture velocity of 2.5 km/s with slip extending to 15 km in depth but were not 
able to rule out higher rupture velocities. Rapid finite fault modeling performed and 
distributed through the United States Geological Survey and the National Earthquake 
Information Center reported a rupture velocity of ~2.5 km/s for the main slip asperity, 
with slip extending to 20 km in depth (see Data and Resources). 
Seismic observations and laboratory experiments agree that the brittle-ductile 
transition is around the 350ºC isotherm for continental, quartzite-rich crust and between 
the 600ºC and 800ºC isotherms for oceanic, olivine-rich lithosphere (Wiens and Stein, 
1983; Kohlstedt et al., 1995; Boettcher et al., 2007). It is not known which side would 
control the depth extent of seismic rupture on a fault plane joining oceanic and 
continental compositions. The depth of seismic rupture if controlled by the western side 
of the QCF fault would likely be limited by cooling of the young, 12.5-20 My old 
lithosphere. The depth of the 600ºC isotherm would increase from 17 km in the younger 
southern fault section [54ºN] to 22 km in the older northern fault section [57ºN], 
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assuming a half-space cooling model with mantle potential temperature of 1350ºC 
(Müller et al., 2008). The depth of seismic rupture if limited by the eastern side of the 
QCF fault would be between 10-15 km, if we assume it is controlled by the limit of brittle 
failure of quartzite and use a measured surface heat flow of 60 m W m-1 (Kohlstedt et al., 
1995; Hyndman et al., 1982). The eastern side of the QCF fault near the 2013 Craig 
earthquake is formed by the confluence of three accreted terranes: the Wrangell to the 
south, the Alexander to the east and the Chugach to the north (Colpron and Nelson, 2011; 
Nelson et al., 2012), Figure 2.1. The depth to the Mohorovičić discontinuity is also 
different on either side of the QCF fault, with the eastern accreted terranes forming a 
thicker crust than what would be expected for the oceanic lithosphere to the west (Rohr 
and Tryon, 2010). Using a seismic survey across the QCF fault at 54.3º latitude, Rohr et 
al. (2000) imaged a cross-section of these accreted terranes and concluded that the high P 
wave velocity at depth indicated a higher mafic composition than typical continental crust 
(Mooney et al., 1998), and measured a Moho depth that smoothly increased from 7 km on 
the oceanic side to 18-20 km on the continental side. A more mafic lower crust was also 
suggested for the continental side of the QCF fault by Spence and Asudeh (1993) who 
used a previous seismic survey further south in 1977 along the 53º and 52º N lines of 
latitude, with an interpreted Moho depth of 21 km near the QCF fault and 26-28 km 
further to the east. If the behavior of the eastern side of the QCF fault north of these 
seismic surveys is not controlled by quartzite but by more mafic feldspar or olivine 
rheology, then seismicity would be expected to extend deeper than 15 km. It is still likely 
that the eastern side of the QCF fault is less mafic than oceanic lithosphere to the west, 
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especially in the northern section of the QCF fault where the Alexander terrane did not 
experience the same alteration as the Wrangell terrane to the south (Gabrielse and Yorath, 
1991). Regardless of composition, oceanic mantle to the west meets continental crust to 
the east along the QCF fault at depths greater than 7 km. The sudden but inevitable 
change in lithosphere from one side of the QCF fault to the other should have an effect on 
the behavior of seismicity, particularly in the depth extent of seismic rupture. 
The depth of earthquakes outside regional networks is difficult to determine and is 
often fixed in catalogs or found to be in error of 10-20 km (Maggi et al., 2000). A few 
studies have been performed to improve on these errors in depth of seismic slip on 
oceanic strike-slip faults. Well-determined depths of earthquakes along the Romanche 
and Chain transform faults in the Atlantic Ocean and the Blanco transform fault in the 
Pacific Ocean were consistent with a limit to brittle failure near the 600ºC isotherm 
(Abercrombie and Ekström, 2001; Braunmiller and Nábělek, 2008). Recent studies have 
identified factors in addition to thermal structure to explain the depth of seismic rupture. 
McGuire et al. (2012) used an ocean bottom seismometer deployment to investigate the 
depth of earthquakes along the Gofar transform fault and found them to vary beyond the 
first order thermal control of the 600ºC isotherm. They hypothesized that higher porosity 
in a specific fault section along-strike, consistent with 3D P wave velocity models, could 
increase fluid circulation and extend the depth of the seismogenic zone. Exceptionally 
deep brittle rupture was also reported for the two MW 8+ 2012 April Indian Ocean 
earthquakes, rupturing the oceanic lithosphere to a depth of 54 km at temperatures 
between 600º-800ºC perhaps due to a thermal runaway mechanism (McGuire and Beroza, 
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2012). We improve upon the depth errors for the largest well-recorded earthquakes along 
the Queen Charlotte-Fairweather fault to determine the extent of seismic slip. The nature 
of slip will be influenced by the thermal and compositional characteristics of the two 
sides of the QCF fault.  
The largest aftershock in a typical continental sequence is an average of 1.2 
magnitude units smaller than the magnitude of the mainshock according to Båth’s Law 
(Båth, 1965; Felzer et al., 2002) and then continuing in adherence to the Gutenberg-
Richter law with ten events within one magnitude smaller than the largest aftershock and 
so on (Gutenberg and Richter, 1944). Oceanic transform faults generally have an order of 
magnitude fewer aftershocks than continental faults (Boettcher and Jordan, 2004; 
McGuire et al., 2005). Strike-slip oceanic intraplate earthquakes have also been observed 
to have very few aftershocks, similar to the oceanic transform fault behavior 
(Abercrombie et al., 2003). It has been suggested that the low triggering of aftershocks 
points to tectonic loading and subseismic slip as the primary control over triggering by 
mainshock (Boettcher and Jordan, 2004; Helmstetter and Sornette, 2003). The differences 
between aftershock sequences of continental and oceanic are not fully understood, but 
can still be used to determine the influence of the oceanic and continental shelf sides of 
the QCF fault. 
We focus on the largest [MW ≥ 5.5] earthquakes in the region since 1990, well-
recorded by modern global networks. Five earthquakes of MW ≥ 5.5 occurred along the 
Queen Charlotte-Fairweather fault after the year 1990: the 5 January 2013 MW 7.5 Craig 
earthquake, its MW 5.9 aftershock on 31 January 2013, the 28 June 2004 MW 6.8 
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earthquake, the 12 July 2003 MW 5.9 earthquake, and the 17 February 2001 MW 6.2 
earthquake. Source parameters for these earthquakes from the Global Centroid Moment 
Tensor catalog (gCMT) and the National Earthquake Information (NEIC) catalog are 
summarized in Table 1 and Figure 2.1. The earthquake hypocenters progress northward 
over time, with the 2001 earthquake having the most southern NEIC hypocenter, 
followed by the 2002 earthquake and so on up to the 2013 aftershock. We model and 
calculate the depth, mechanism, and productivity of the aftershock sequences of these 
earthquakes to determine whether they are influenced by oceanic or continental 
lithosphere on the QCF fault.  
 
2.3 POINT SOURCE MODELING OF MW ≥ 5.5 EARTHQUAKES 
We obtain waveforms from the Incorporated Research Institutions for Seismology 
Data Management Center (IRIS DMC) for body wave modeling of the MW ≥ 5.5 
earthquakes (Table 1). We select seismograms from stations at distances 30º to 90º from 
each NEIC hypocenter. The first arriving P waves are carefully hand-picked and the 
seismograms are downsampled to 1 sample/sec and cut to 10 seconds of pre-arrival and 
40-80 seconds of post-arrival, depending on the size of the earthquake. S waves were 
identified based on their estimated TauP travel times, processed like the P waves, and 
then the horizontal components were rotated to obtain the tranverse component. We 
invert for a point source model first with only P waves. We use this to forward model the 
SH waves, then we align the modeled SH waves with the recorded SH waves to improve 
on the TauP arrival times that do not account for spherical asymmetries in the Earth’s 
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velocity structure (Crotwell et al., 1999). The SH waves are included in all later models 
but downweighted due to their higher amplitude. 
We use the program MT5 based on the algorithm by McCaffrey and Abers (1988) 
to invert for teleseismic body waves from a point source (McCaffrey et al., 1991). Depth 
is particularly hard to calculate for oceanic strike-slip earthquakes as the P waves are 
highly nodal compared to thrust and normal earthquakes, with larger amplitude pP and sP 
depth phases sometimes incorrectly picked as the first arrival (Schramm and Stein, 2009; 
Abercrombie et al., 2003). We use the Global Centroid Moment Tensor catalog 
mechanisms as a starting point and determine the first motion focal mechanisms to use as 
a limit on the model. Direct P waves have a small weight in the overall inversion, and we 
take care to ensure that the fits of the synthetics to the data are not only quantitatively the 
best but also fit the polarity of direct P wave first motions. With this method we can also 
investigate if a second subevent is needed to fit the seismograms past the first motions, 
but none were required for the earthquakes modeled here. 
We choose two 1D velocity structures to represent the western oceanic crust and 
lithosphere and the eastern continental shelf  (Table 2). Bathymetry, sediment data, and 
active-source seismic imaging studies from this area help with identifying layer 
thicknesses and material properties (Rohr et al., 2000; Mooney et al., 1998; Whittaker et 
al., 2013; Ristau, 2004; Bird, 1997; Tenzer and Gladkikh, 2014; von Huene, 1972). We 
perform point source modeling using both velocity models. All earthquake depths are 
reported from the seafloor. We perform a grid search in depth and dip around our 
preferred solutions to investigate the sensitivity of the point source models.   
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2.3.1 The 2004 MW 6.8 earthquake 
The best fitting mechanisms for the 2004 MW 6.8 earthquake in both velocity 
structures are strike-slip with one nodal plane within 1-2º of the strike of the QCF fault, 
Table 1. For synthetic waveforms of the point source models, see Figure 2.S1 in the 
electronic supplement to this article. The shallower dip of the oceanic mechanism is due 
to the ~10º difference in take off angle calculated by the two source structures. Sensitivity 
testing for depth results in minimum variance at 17 km for oceanic structure [6-8% 
improvement over ± 3 km] and 13 km [8-17% improvement over ± 3 km] for continental 
shelf structure, Figure 2.2. As the depth increases, the dip steepens in both velocity 
structures with steeper dips restricted by the polarity of western stations. We test for 
rupture directivity through line source modeling of rupture at 1-6 km/s in all four 
directions determined by 90º increments from the strike of the best-fit model. In oceanic 
structure, there is a 5% improvement in variance with a rupture velocity of 1 or 2 km/s 
along the 332º strike. There is a 2% improvement in variance with a rupture velocity of 1 
km/s along the 332º northward strike with a shelf velocity structure. The northward 
directivity is consistent with the aftershock distribution with the majority extending to 
~25 km north of the NEIC hypocenter along the QCF fault. 
 
2.3.2 The 2003 MW 5.9 earthquake 
The best fitting mechanism of the 2003 MW 5.9 earthquake is similar to that of the 
2004 earthquake within 5º of the QCF fault strike. The waveforms of our modeling fit 
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best for a depth of 13.5 km [16-21% improvement over ± 3 km] with shelf velocity 
structure and 16 km [5%-11% improvement over ± 3 km] with oceanic structure, Figure 
2.2. The dip for our preferred models is 55º for the shelf structure and 41º for oceanic. 
The first motions of this earthquake require a steeper dip to fit than the 2004 earthquake 
and the dip increases to steeper values as the depth is fixed deeper, as shown in Figure 
2.3. The stations TLY and ARU are in the same quadrant for both mechanisms and look 
nearly identical for both earthquakes. Station KBS has a smaller positive first arrival and 
station HKT has a smaller negative first arrival in the 2004 earthquake due to their closer 
proximity to the nodal plane with the steeper dipping 2004 mechanism. Stations FRB and 
SCHQ are very nodal and have low signal to noise particularly for the smaller magnitude 
2003 earthquake making first arrivals difficult to pick. Stations HRV and CBN are the 
best stations that are in different quadrants with a negative first arrival for the 2003 
earthquake and a nodal but positive arrival for the 2004 earthquake. The difference 
between the dips of these two earthquakes is larger than the error due to modeling and 
velocity structure, suggesting that the dip of the QCF fault changes along strike. We 
cannot resolve any directivity from the body-wave modeling due to the smaller 
magnitude, and the 2003 earthquake had no foreshocks or aftershocks within 200 km and 
30 days before and after the mainshock to indicate the orientation or extent of the rupture. 
 
2.3.3 The 2001 MW 6.2 earthquake 
The best fitting mechanism for the 2001 MW 6.2 earthquake is consistent within 1-
2º with the strike of the QCF fault. Though the 2001 MW 6.2 earthquake is larger in 
30 
 
 
magnitude than the 2003 MW 5.9 earthquake, it has lower signal to noise for teleseismic 
waves. Our best fitting models have a depth of 13 km [5-10% improvement over ± 3 km] 
and a dip of 75º in the shelf structure and a depth of 16 km [0.2-5% improvement over ± 
3 km] and a dip of 70º in oceanic structure, Figure 2.2. The aftershock sequence of this 
earthquake is clustered around the NEIC hypocenter and does not indicate any rupture 
directivity outside of the error in location.  
 
2.3.4 The 2013 MW 7.5 Craig earthquake 
This earthquake is large enough to resolve spatial variability of slip with 
teleseismic waves but to do this we need the best fault plane. We perform modeling to 
calculate the centroid depth and to find a mechanism that fits the first motion. We are 
able to model the rest of the seismograms without the addition of a subevent on an 
adjacent fault or for a varying fault plane. We calculate the best-fit model based on fitting 
the polarity of the small P wave first arrival to determine the fault planes used in the 
finite fault modeling, and to allow for comparison to the point source results of the 
smaller earthquakes. The best fitting mechanisms for the 2013 Craig earthquake prefer a 
depth of 11 km for the shelf structure and a depth of 18 km for the oceanic velocity 
structure. The strike of 333º for both velocity structures fits well with the strike of the 
QCF fault, and the aftershock distribution supports rupture directivity to the northwest.  
 
2.3.5 The 31 January 2013 MW 5.9 earthquake  
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The largest aftershock of the 2013 Craig earthquake was the MW 5.9 that occurred 
on 31 January 2013. While it is the largest aftershock, this earthquake has the lowest 
signal to noise ratio of the events we modeled making it very difficult to pick the small 
amplitude first arrivals. This earthquake has visibly different seismograms that 
distinguish it from the other four strike-slip earthquakes in this study. The waveforms 
from common stations TLY and OTAV are consistent with at least a 25º rotation of the 
strike of the 2004 MW 6.8 earthquake, Figure 2.4. We were able to pick and model the P 
waves but found it more difficult than the previous earthquakes to determine a 
mechanism that also fits the SH waves. The best fitting stable mechanism is for a highly 
rotated mechanism striking at 33º for oceanic structure and 31º for shelf structure, similar 
to the mechanism calculated by Holtkamp and Ruppert (in this volume) for the same 
event. We are confident that a nodal plane is well-defined by the change in low noise 
recordings on northeastern stations, however the rake of the mechanism cannot be 
determined due to a lack of stations to the southwest where the only coverage comes 
from high noise island stations. Fixing to the mechanism for this 31 January 2013 
earthquake in the gCMT, NEIC, PGC, and AEIC catalogs results in worse fits, though the 
continental source structure performs consistently better than the oceanic structure by an 
average of 3.8% improvement in variance reduction. Fixing to the nearby 2013 Craig 
mainshock best fitting mechanisms or the 2004 earthquake in each source velocity 
structure results in even worse fits for the aftershock, so we can safely rule out the QCF 
fault and instead opt for a mechanism with a nodal plane striking between 30-20º.    
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We find that four of the five MW 5.5+ earthquakes modeled have a nodal plane that is 
consistent with the Queen Charlotte-Fairweather fault. The depths and dips are dependent 
on the velocity structure at the source, but the strikes are within ±5º of the 330º strike of 
the QCF fault. This strike is also consistent with the strike of the mechanisms calculated 
by Holtkamp and Ruppert (in this volume), the NEIC focal mechanisms, the best double-
couple solutions from the Pacific Geoscience Centre (PGC), and the gCMT moment 
tensors, as seen in Figure 2.S8 in the electronic supplement to this article (Kao et al, 
2012). All four earthquakes have shallower dips and deeper centroid depths in the 
oceanic velocity structure relative to the shelf velocity structure. The calculated take off 
angle for teleseismic body waves recorded at these stations changes by ~10º between the 
two velocity structures. This may explain the differences in dip reported for the 2013 
Craig earthquake by the gCMT [60º], SCARDEC [76º], and NEIC [80º] catalogs (Vallée 
et al., 2011). The gCMT catalog has previously been shown to report significantly 
shallower dips for some strike-slip oceanic earthquakes (Abercrombie and Ekström, 
2001). The dip of the mechanisms reported in this study for the earthquakes along this 
fault system vary by ~10-15º depending on the velocity structure used to calculate the 
take off angles for teleseismic body waves so the absolute dip of the QCF fault is difficult 
to determine. Due to the close proximity of these two earthquakes, the waves from each 
will go through essentially the same structure and the 17-21º relative difference in dip 
between the 2004 and 2003 earthquakes is evidence that the dip along the QCF fault 
changes along strike. A general steepening of the QCF fault dip with increasing latitude 
is consistent with a progression from the southern thrust mechanism of the 2012 Queen 
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Charlotte earthquake to the northern strike-slip mechanism that hosted the 2013 Craig 
earthquake.  
 The 31 January 2013, earthquake has significantly different waveforms from the 
other four earthquakes at common teleseismic stations. This MW 5.9 aftershock of the 
2013 Craig earthquake could have ruptured along the nearby Chatham Strait fault, a 
right-lateral strike-slip fault oriented at about 355º at the point of inferred intersection 
with the Queen Charlotte-Fairweather fault (Wheeler and McFeely, 1991). The strike of 
the two best fitting point source models is more consistent with the strike of the Chatham 
Strait fault than the ~330º strike of the QCF fault and the other earthquakes in this study, 
yet we cannot rule out the conjugate fault plane for this event. The mechanism we 
calculated for this 31 January aftershock, as well as the mechanism calculated by 
Holtkamp and Ruppert (in this volume) and reported in the gCMT, PGC, and the NEIC 
catalogs all require a separate and differently oriented strike-slip fault from the QCF (Kao 
et al., 2012). 
 
2.4 FINITE FAULT INVERSION OF THE 2013 CRAIG 
EARTHQUAKE 
From point source modeling we find that the MW 7.5 2013 Craig earthquake is 
large enough to resolve spatial distribution of slip. We perform a teleseismic finite fault 
inversion following the approach of Antolik et al., (2000; 2004; 2006). Green’s functions 
are computed with an oceanic source structure on top of the IASP91 model for the mantle 
(Antolik et al., 2006), and we account for attenuation using the QL6 model (Kennett and 
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Engdahl, 1991; Durek and Ekström, 1996). We obtain waveforms and process them as 
outlined in the previous section, and use the strike and rake of the fault plane of our 
preferred point source models. We try both a 75º and 60º dip to represent the range 
reported by moment tensor catalogs and the results from point source modeling. Since we 
obtained a very good fit to the data with only one fault plane in the point source modeling 
discussed previously, we do not attempt to add any subevents on adjacent fault planes. 
Two oceanic 1D velocity source structures are used in the inversion, one with a sediment 
layer and one without. Though the fit to the seismograms is high, some complexities are 
not fit perfectly due to the simple source structure. Our initial fault geometry is 300 km 
along strike, centered on the hypocenter, and 50 km along dip. The subfault elements are 
3 km in length along strike and 5 km in width along dip. 
 
2.4.1 Single rupture velocity model 
 The rupture is fixed to begin at the NEIC epicenter, and we try hypocenter depths 
of 10, 15, 20, 30, and 40 km. The variance reduction sharply drops off with a hypocenter 
of 30 km or below, and so we proceed with a 15 km hypocenter that is consistent with 
our point source modeling results [11-18 km]. Rupture velocity is held constant with 
values from 1-6 km/s. This single, constant rupture velocity model shows a clear 
improvement in variance reduction of the N-S trending fault plane over the conjugate E-
W fault plane, Figure 2.5. This is consistent with previous studies (Yue et al., 2013) and 
confirms that teleseismic body waves alone can resolve the fault plane. The fit was best 
with rupture velocities of 3 km/s for both fault dips. The fit to individual stations varied 
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with rupture velocity, with northwestern stations preferring a higher velocity and stations 
to the southeast preferring a slower velocity. Since we could not fit all P and SH waves 
equally well with a single rupture velocity, we moved on to models with two different 
rupture velocities in different directions. 
 
2.4.2 Two rupture velocity model 
To investigate different rupture velocities to the north and south [333º and 153º 
azimuths], we center the change in velocity at the hypocenter. We try fixed velocities to 
the south of 1, 2, and 3 km/s and for each we fix a constant rupture velocity of 1-6 km/s 
to the north. Allowing for a different rupture velocity to the north and the south of the 
hypocenter improves the variance reduction significantly, Figure 2.5, and is evident in the 
seismogram fits at stations like TLY and TIXI that have relatively high amplitude SH 
waves, Figure 2.6.   
We try offsetting the change in rupture velocity 15 km to the north of the 
hypocenter to approximate the models determined by Yue et al. (2013). Offsetting the 
change in rupture velocity to the north of the hypocenter to approximate an increasing 
rupture velocity to the north added more unknowns without any improvement in fit to the 
data. The teleseismic waves cannot distinguish the slower beginning for the rupture to the 
north reported by Yue et al. (2013) using regional waves. We continue with a model with 
constant rupture velocity to each side of the hypocenter.  
The best model overall has the change in rupture velocity centered at the 
hypocenter, with a rupture of 1 km/s to the south and 4 km/s to the north. Synthetics for 
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this model can be found in the electronic supplement to this article in Figure 2.S12. The 
velocity structure including a sediment layer allows for a better fit to the seismograms. A 
dip of 75º has a slightly better fit over the 60º dip for this model, resulting in a moment of 
4.0×1020 Nm and a peak slip of 6.3 m and an average slip of 1.6 m, Figure 2.7. The same 
model with a faster 5 km/s rupture velocity to the north results in an insignificant 
decrease in variance, and is also considered an acceptable fit to the data.  
Starting with our best-fit model with a rupture velocity of 4 km/s to the north and 
a dip of 75º, we gradually remove sections of the fault until the qualitative and 
quantitative fit to seismograms is affected significantly to determine the best resolved slip 
asperities. We see poorer fit to relative amplitudes corresponding to a quantitative 
decrease in variance reduction of 1% or more. Removing the top 5 km and bottom 25 km 
of the fault plane, and limiting rupture to 100 km along strike only decreases the variance 
reduction by 0.9% and does not change the qualitative seismogram fits, Figure 2.6. 
Removing the top 10 km or the bottom 30 km decreases the fit, but not significantly so 
these are still valid but less plausible scenarios. Removing the top 15 km or the bottom 35 
km decreases the variance reduction by 4.3% and 2.4% respectively, confirming that slip 
is required at 15 km depth. Limiting the slip to 24 km to the south results in a significant 
decrease in fit of over 13%, so the southern slip patch is necessary. The slip on a 240 km 
fault plane from 5 to 25 km in width, with rupture velocities of 1 km/s to the south and 4 
km/s to the north, is considered the most robust and our preferred model. This model has 
a moment of 3.8×1020 Nm and a peak slip of 15.6 m and an average slip of 3.1 m, with 
slip extending across the full width of the fault from 5 to 25 km near the hypocenter, 
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Figure 2.7. We are confident we can resolve areas of the fault that experienced at least 1 
m of slip, so the light regions of the slip inversion in Figure 2.7 could have slipped up to 
1 m. 
 
2.5 AFTERSHOCK PRODUCTIVITY 
The four largest mainshocks along the QCF fault have very few recorded 
aftershocks, with the combined International Federation of Digital Seismograph 
Networks (FDSN) catalog magnitude completeness down to ML 3.0 in this area for this 
time period [2001-2013]. In this study we define an aftershock as an earthquake that 
occurs within 30 days and 100 km of the NEIC hypocenter of a mainshock. Extending the 
radius to 150 km for the MW 7.5 earthquake or reducing the radius to 50 km for the 
smaller earthquakes does not change our result. Aftershock locations and magnitude 
distributions, Figures S9-S11, are available in the electronic supplement to this article. 
The 2003 MW 5.9 earthquake had no recorded aftershocks at all, and the MW 6.8 
earthquake had no aftershocks within two magnitude units [largest aftershock mb 4.6]. 
The 2013 MW 7.5 and 2001 MW 6.2 earthquake had no aftershocks within one magnitude 
unit, and only two aftershocks within two magnitude units [largest aftershocks MW 5.9 
and mb 4.7 respectively]. Even assuming that there was an aftershock of the same 
magnitude as the catalog completeness (ML 3.0) for the 2003 earthquake, the average 
magnitude difference between the mainshocks and the largest aftershocks is 2.05. This is 
a much larger difference than the 1.2 unit Båth average for continental strike slip 
earthquakes (Båth, 1965; Felzer et al., 2002). These four earthquakes are also deficient in 
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the quantity of smaller aftershocks relative to continental strike-slip faults. We use the 
aftershock law from Boettcher and Jordan (2004) of log Nafter = α(mmain – mt – Δmafter) 
where Nafter is the number of aftershocks above a magnitude threshold, mmain is the 
magnitude of the mainshock, mt is the magnitude threshold, and Δmafter is a parameter 
related to the 1.2 magnitude unit average from Båth’s Law. We find that these events are 
consistent with a triggering exponent α of ~0.8 which, along with a low value of Δmafter 
corresponds to an order of magnitude less events triggered by a mainshock than typical 
continental strike-slip faults (Boettcher and Jordan, 2004; Helmstetter and Sornette, 
2002). The aftershock sequences of the four earthquakes in this study resemble those of 
oceanic transform faults and oceanic strike-slip intraplate earthquakes, with an order of 
magnitude or less aftershocks than typical continental sequences (Boettcher and Jordan, 
2004; McGuire et al., 2005; Abercrombie et al., 2003). This observation suggests that the 
oceanic lithosphere side of the QCF fault may control the triggering and rupture of 
aftershocks.   
 
2.6 DISCUSSION AND CONCLUSIONS 
The 5 January 2013 MW 7.5 earthquake shows asymmetric, bilateral rupture with 
the majority of rupture extending 75 km northward. This is corroborated by the 
aftershock distribution, which extends 100 km north and 30 km south. The best fitting 
model has a relatively high average rupture velocity of 4-5 km/s to the north and a slower 
velocity of 1 km/s to the south. This corresponds to an average rupture velocity for the 
northward rupture of at least 88% of the shear wave velocity, assuming the slowest 
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rupture velocity and fastest shear wave velocity [maximum of 152%]. Since the rupture 
speeds in our models are constant across the faults, the average rupture velocity 
northward is consistent with the observations of a slower beginning followed by a period 
of supershear rupture reported by Yue et al. (2013). Depth sensitivity testing of the fault 
geometry allows for the removal of the top 5 km of the fault, leaving slip limited to 5-25 
km depth. This slip is deeper but still overlaps preliminary results from the USGS (see 
Data and Resources) as well as previously published finite fault models for the 2013 
Craig earthquake (Yue et al., 2013; Lay et al., 2013). Differences between our results and 
results from these studies could be due to using a different fault dip or source structure. 
Our study shows evidence that both dip and source structure significantly affect our 
results, which was not tested in the previous studies. 
The southern portion of the QCF fault accommodates the increasingly oblique 
convergence of the Pacific and North American plates through slip partitioning and 
underthrusting of seafloor (Ristau, 2007; Cassidy et al., 2014). Bird (1997) calculated a 
focal mechanism with a dip of 75º for the largest [ML  3.53] and most north [53.86º N] 
earthquake in a study of seismicity along the QCF fault. This is very similar to the 70-75º 
dips for our mechanisms of the most southern earthquake in our study, the 2001 
earthquake with a NEIC hypocenter at 53.96º N. A dip of up to 15º from vertical was also 
inferred from relocated microearthquakes on the QCF fault between 52-52.5º N 
constrained by recordings from ocean bottom seismometers and land stations (Hyndman 
and Ellis, 1981). The steeper fault dip to the north that we observe for the 2013 Craig 
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earthquake may be indicative of the transition from oblique convergence to pure strike-
slip.  
We also observe that the MW ≥ 5.5 earthquakes along since 1990 have occurred 
progressively northward, evident from the NEIC, AEIC, and PGC hypocenters. This type 
of behavior was observed along the North Anatolian fault and is indicative of static stress 
triggering (Stein et al., 1997). 
Directivity northwestward along a 331-333º strike is observed for the two largest 
earthquakes with the 2013 Craig earthquake preferring a 4 km/s and the 2004 MW 6.8 
preferring 1-2 km/s rupture velocity. Past earthquakes in the region have exhibited 
similar rupture behavior of primarily northwestward slip. The MW 8.1 earthquake in 1949 
had observable northwestward rupture directivity of 3.5 km/s (Ben-Menahem, 1978). The 
1972 MW 7.6 earthquake ruptured bilaterally but had the largest slip asperity 
approximately 30-50 km north of the epicenter (Schell and Ruff, 1989). Ben-Zion and 
Shi (2005) modeled rupture along a fault with a bimaterial contrast and showed that at 
high angles of stress loading preferred rupture is in the direction of the slip displacement 
of the more compliant side. At lower angles of stress loading, such as the case of the QCF 
fault, rupture prefers to follow the direction of slip displacement of the less compliant 
material and can transition to supershear speeds at certain dilatancy values (DeDontney et 
al., 2011). The high rupture velocity towards the north that we find for the 2013 Craig 
earthquake would match this latter situation, with possibly partially supershear rupture in 
the same direction as the stronger oceanic lithosphere. 
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The slip distribution of the 2013 Craig earthquake is within the seismic gap 
between the ruptures of the 1949 and 1958 earthquakes. It is likely that the 1972 
earthquake ruptured only the northern portion of this gap and the 2013 Craig earthquake 
ruptured the southern portion. The slip deficit from the forty years interseismic period 
between these two large events would be 2.1 m, assuming the continuous long-term plate 
rate [5.25 cm/yr] (DeMets et al., 2010). The average slip of our finite fault slip inversions 
is consistent with the slip deficit, with 1.6 m for the unconstrained fault plane and 3.1 m 
for the limited fault plane. Valleé and Satriano (2014) interpreted overlapping rupture 
between two MW >7 oceanic strike-slip earthquakes in the Scotia Sea as evidence that the 
dynamic stress of a propagating earthquake was greater than tectonic stresses. Using a 
fortuitously located GPS station, Ye et al. (2014) were able to derive the rupture 
asperities of the two earthquakes as distinct from one another. Our results are consistent 
with the 1972 earthquake and 2013 Craig earthquake rupturing distinct patches, and the 
aftershocks extents of these large earthquakes do not require overlapping slip along the 
QCF fault.  
Material and thermal differences between the two sides of the QCF fault are 
expected to affect the depth distribution of earthquakes. Rohr et al. (2000) and Spence 
and Asudeh (1993) used seismic surveys at the southern extent of the QCF fault relevant 
to our study. These studies interpreted high P wave velocities in the lower crust as 
evidence for an unusually mafic composition and high temperature for the Wrangell 
terrane. This corresponded to a similar range for the limit on brittle failure on either side 
of the fault [13-20 km] assuming the 700ºC isotherm (Rohr et al. 2000) and confirmed by 
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the relocation of microseismicity to a depth of 20 km (Hyndman and Ellis, 1981). 
However, the oceanic lithosphere age increases from 10 Ma to 20 Ma at the northern 
extent of the 2013 Craig earthquake rupture, corresponding to a deeper brittle-ductile 
transition in the north. Progressing northwards the continental side of the QCF fault also 
transitions to the Alexander terrane, which did not experience the warming and extension 
that the Wrangell terrane underwent (Gabrielse and Yorath, 1991). With the combination 
of older, stronger oceanic lithosphere on the oceanic side and the change from Wrangell 
to Alexander terrane on the continental side, the two sides of the QCF fault in the north 
are expected to have a greater difference between the limits to brittle failure. This would 
manifest in a shallower limit to brittle failure on the continental side and a deeper limit on 
the oceanic side. Rohr et al. (2000) also found that the depth to the Mohorovičić 
discontinuity is different, with a relatively thicker crust on the east than the thin oceanic 
crust to the west. 
The range of our point source centroid depths extends to the deepest [20 km] limit 
to brittle failure expected for the continental side of the fault where the southern QCF 
fault offsets the mafic Wrangell terrane  (Rohr et al., 2000). It is expected that the limit to 
brittle failure on the continental side would be shallower than 20 km in the northern part 
of the QCF where it offsets the Alexander terrane to the east. Our centroid depths imply 
that some slip would go below 20 km, which corresponds to where the QCF fault is a 
juxtaposition of mantle on the oceanic side and crust on the continental side (Rohr et al., 
2000). Even though our modeling is simplistic, these point source centroid depths, the 
slip distribution of the 2013 Craig earthquake extending below 20 km and the deficient 
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aftershock sequences all support our hypothesis that the oceanic western side is the 
primary control on seismic rupture along the Queen Charlotte-Fairweather fault.  
 
2.7 DATA AND RESOURCES 
All seismograms used in this study can be obtained from the IRIS DMC at www.iris.edu [last accessed June 2014]. Some of the figures were made using the 
Generic Mapping Tools (GMT) version 4.5.8 (www.soest.hawaii.edu/gmt; Wessel and 
Smith, 1998) [last accessed June 2014]. Seismic Analysis Code (SAC) was used during 
data processing (Goldstein and Snoke, 2005; Goldstein et al., 2003) [last accessed 
September 2010]. The Global Centroid Moment Tensor Project database was also used at www.globalcmt.org [last accessed June 2014]. Bathymetry data came from the 
GEBCO_08 Grid version 20100927 (www.gebco.net) [last accessed June 2014]. 
Mapped terranes were accessed online from Yukon Geological Survey at www.geology.gov.yk.ca (Colpron and Nelson, 2011) [last accessed July 2014]. 
Preliminary finite fault models for the 5 January 2013 Craig, Alaska earthquake by G. 
Hayes were accessed online from ANSS Comprehensive Catalog 
(www.comcat.cr.usgs.gov), [last accessed July 2014]. Aftershock locations and 
magnitudes were accessed from the FDSN through the IRIS DMC FetchEvent tool at 
seiscode.iris.washington.edu/projects/ws-fetch-scripts [last accessed July 2014]. 
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2.8 SUPPLEMENTARY INFORMATION 
2.8.1 Figures 
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Figure 2.1. The study area near the Queen Charlotte-Fairweather fault showing 
bathymetry (top) and the tectonic setting (bottom).  In the top map, the leftmost 
double couple mechanisms are the best fitting point source models from this study using 
a shelf structure, the middle mechanisms are using an oceanic structure, and moment 
tensors for all earthquakes in the Global CMT catalog between 1990 and 2013 are plotted 
on the right. Small circles are aftershocks within 30 days of the Craig main shock and the 
largest fault used for the finite fault modeling of the Craig earthquake is the rectangle. 
Centroid locations from the gCMT catalog indicated by diamonds and a star for the NEIC 
hypocenter of the Craig earthquake are in both maps, along with known faults in solid 
lines (Colpron and Nelson, 2011). In the lower map, the oceanic lithospheric age and the 
accreted terranes make up the two sides of the Queen Charlotte-Fairweather fault (Müller 
et al, 2008; Colpron and Nelson, 2011). Terrane abbreviations are: CG-Chugach, AX-
Alexander, WR-Wrangellia, ST-Stikinia, m-Coast complex, and YT-Yukon-Tanana. 
Fracture zones are in dashed white lines and the velocity and the direction of the Pacific 
plate relative to the North American plate is indicated (Matthews et al, 2011; DeMets et 
al, 2010). Rupture extents of the 1949, 1958, and 1972 earthquakes as determined from 
their aftershock sequences are plotted in dashed ellipses and labeled, after Page et al 
(1991). 
 
46 
 
 
 
Figure 2.2. Depth sensitivity testing for the 2001 (left), 2003 (middle), and 2004 
(right) earthquakes using a point source in the oceanic velocity structure. Depth was 
fixed at 3 km intervals and all other parameters were left free. Minima are found at 16 
km, 16 km, and 17 km respectively from the seafloor for each earthquakes. The dip 
shallowed considerably with decreasing depth. 
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Figure 2.3. Comparison of the recorded waveforms (solid) and synthetics (dotted) 
for the 2004 MW 6.8 earthquake (bottom, grey) and the 2003 MW 5.9 earthquake 
(top, black) at representative stations. Each station’s location on the focal sphere is 
indicated by the letter to the left. The two mechanisms are plotted with the steeper dip in 
grey for 2004 and shallower dip in black for 2003. Note that the stations to the northwest 
(TLY, ARU) are very similar for both earthquakes while stations to the east (HRV, CBN, 
HKT) have much more nodal first arrivals for the 2004 earthquake than the 2003. These 
station comparisons show that the difference in dip between these two earthquakes is well 
constrained and outside of the error.   
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Figure 2.4. Seismograms recorded at two different stations for the 31 January 2013 
aftershock and the 2004 earthquake. Station OTAV is at an azimuth of 118º and TLY 
is at 323º azimuth. Note that the seismograms for the 31 January 2013 earthquake appear 
to match those of the opposite stations for the 2004 earthquake, consistent with a fault 
orientation rotated relative to the QCF fault.  
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Figure 2.5. Variance reduction versus rupture velocity for finite fault models of the 
Craig earthquake using the sediment velocity structure. The bottom group consists of 
single rupture velocity models for both fault planes as determined from point source 
modeling and two different dips. The top group is the models with two rupture velocities, 
one geometry with the change in velocity on the hypocenter and one geometry with the 
change in velocity offset to the north of hypocenter. Each fault geometry is run with a 
rupture velocity of 1-3 km/s to the south and 1-6 km/s to the north. The best model is 
with the rupture velocity change centered at the hypocenter, with 1 km/s to the south and 
4 km/s to the north. This model is run again with the top and bottom of the fault removed. 
The grey rectangle encompasses the models with acceptable variance reduction. The 
performance of the 60º dip model may be improved by using a different source velocity 
structure. 
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Figure 2.6. Stations used in the finite fault slip inversion of the 2013 Craig 
earthquake. The map has the location of each station relative to the NEIC 
hypocenter, showing the good azimuthal coverage. The seismograms show P waves 
(left) and SH waves (right) with black for the recorded data and grey for the calculated 
synthetics. A sedimentary structure is used for the source velocity. These synthetics are 
for the preferred fault model of 240 km in length and 5-25 km in depth and a dip of 75º, 
with the rupture velocity of 4 km/s at the 333º strike and 1 km/s in the opposite 153º 
direction. The hypocenter begins at 15 km in depth and is centered at the change in 
rupture velocity. Synthetics for the unconstrained model can be found in Figure 2.S10 in 
the electronic supplement. 
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Figure 2.7. Finite fault models for the 2013 Craig earthquake representing the 
preferred model with the least constrained (top) and the most constrained (bottom) 
fault geometry. Both models have a centered hypocenter of 15 km, with a rupture 
velocity of 4 km/s along the positive 333º strike and 1 km/s in the negative 153º 
direction. Contours are drawn for every 1 m of slip. 
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2.8.2 Tables 
 
with the 2001 earthquake having the most southern NEIC
hypocenter, followed by the 2002 earthquake and so on
up to the 2013 aftershock. We model and calculate the depth,
mechanism, and productivity of the aftershock sequences of
these earthquakes to determine whether they are influenced
by oceanic or continental lithosphere on the QCF fault.
Point-Source Modeling of Mw ≥5:5 Earthquakes
We obtain waveforms from the Incorporated Research
Institutions for Seismology Data Management Center (IRIS-
DMC) for body-wave modeling of theMw ≥5:5 earthquakes
(Table 1). We select seismograms from stations at distances
30°–90° from each NEIC hypocenter. The first arriving P
waves are carefully hand-picked, and the seismograms are
downsampled to 1 sample=s and cut to 10 s of prearrival and
40–80 s of postarrival, depending on the size of the earth-
quake. S waves were identified based on their estimated tauP
travel times, processed like the P waves, and then the hori-
zontal components were rotated to obtain the tranverse com-
ponent. We invert for a point-source model, first with only P
waves. We use this to forward-model the SH waves, then we
align the modeled SH waves with the recorded SH waves to
improve on the tauP arrival times that do not account for
spherical asymmetries in the Earth’s velocity structure (Crot-
well et al., 1999). The SH waves are included in all later
models but down weighted due to their higher amplitude.
We use the program MT5 based on the algorithm by
McCaffrey and Abers (1988) to invert for teleseismic body
waves from a point source (McCaffrey et al., 1991). Depth is
particularly hard to calculate for oceanic strike-slip earth-
quakes, because the P waves are highly nodal compared to
thrust and normal earthquakes, with larger-amplitude pP and
sP depth phases sometimes incorrectly picked as the first ar-
rival (Abercrombie et al., 2003; Schramm and Stein, 2009).
We use the Global CMT catalog mechanisms as a starting
point and determine the first-motion focal mechanisms to use
as a limit on the model. Direct P waves have a small weight in
the overall inversion, and we take care to ensure that the fits of
the synthetics to the data are not only quantitatively the best but
also fit the polarity of direct P-wave first motions. With this
method, we can also investigate if a second subevent is needed
to fit the seismograms past the first motions, but none were
required for the earthquakes modeled here.
We choose two 1D velocity structures to represent the
western oceanic crust and lithosphere and the eastern con-
tinental shelf (Table 2). Bathymetry, sediment data, and ac-
tive-source seismic imaging studies from this area help with
identifying layer thicknesses and material properties (von
Huene, 1972; Bird, 1997; Mooney et al., 1998; Rohr et al.,
2000; Ristau, 2004; Whittaker et al., 2013; Tenzer and
Gladkikh, 2014). We perform point-source modeling using
both velocity models. All earthquake depths are reported
from the seafloor. We perform a grid search in depth and dip
around our preferred solutions to investigate the sensitivity of
the point-source models.
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Table 2.1. Source parameters of earthquakes along and nearby the Queen 
Charlotte-Fairweather fault. Parameters are from the Global Centroid Moment Tensor 
(gCMT) catalog, the National Earthquake Information (NEIC) catalog, and results from 
the point source modeling of this study. Values reported are magnitude (MW), seismic 
moment (M0), and the strike, dip, and rake of the mechanism (S/D/R). 
 
 
 
 
Table 2.2. Source structure velocity models used in the point source models. Values 
are for the thickness of the layer (h0), P wave velocity (VP), S wave velocity (VS), and 
density (ρ). 
 
 
 
 
 
The 2004 Mw 6.8 Earthquake
The best-fitting mechanisms for the 2004Mw 6.8 earth-
quake in both velocity structures are strike slip with one no-
dal plane within 1°–2° of the strike of the QCF fault (Table 1).
For synthetic waveforms of the point-source models,Ⓔ see
Figure S1 in the electronic supplement to this article. The
shallower dip of the oceanic mechanism is due to the ∼10°
difference in takeoff angle calculated by the two source struc-
tures. Sensitivity testing for depth results in minimum vari-
ance at 17 km for oceanic structure (6%–8% improvement
over !3 km) and 13 km for continental shelf structure
(8%–17% improvement over !3 km) (Fig. 2). As the depth
increases, the dip steepens in both velocity structures, with
steeper dips restricted by the polarity of western stations. We
test for rupture directivity through line source modeling of
rupture at 1–6 km=s in all four directions, determined by 90°
increments from the strike of the best-fit model. In oceanic
structure, there is a 5% improvement in variance with a rupture
velocity of 1 or 2 km=s along the 332° strike. There is a 2%
improvement in variance with a rupture velocity of 1 km=s
along the 332° northward strike, with a shelf velocity structure.
The northward directivity is consistent with the aftershock dis-
tribution, with the ajority extending to ∼25 km north of the
NEIC hypocenter along the QCF fault
The 2003 Mw 5.9 Earthquake
The best-fitting mechanism of the 2003 Mw 5.9 earth-
quake is similar to that of the 2004 earthquake within 5° of
the QCF fault strike. The waveforms of our modeling fit
best for a depth of 13.5 km with shelf velocity structure
Table 2
Source Structure Velocity Models Used in the Point-Source Models
Oceanic Continental Shelf
h0 (km) VP (km=s) VS (km=s) ρ"g=cm3# h0 (km) VP (km=s) VS (km=s) ρ"g=cm3#
2 1.5 — 1.03 0.25 1.5 — 1.03
7 6.2 3.3 2.80 2 3.5 2.0 1.70
∞ 8.1 4.5 3.30 ∞ 6.2 3.3 2.80
Values are for the thickness of the layer (h0), P-wave velocity (VP), S-wave velocity (VS), and
density (ρ).
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Figure 2. Depth sensitivity testing for the 2001 (left), 2003 (middle), and 2004 (right) earthquakes using a point source in the oceanic
velocity structure. Depth was fixed at 3 km intervals, and all other parameters were left free. Minima are found at 16, 16, and 17 km,
respectively, from the seafloor for each earthquakes. The dip shallowed considerably with decreasing depth. The color version of this figure
is available only in the electronic edition.
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CHAPTER 3: SEISMOTECTONICS OF A DIFFUSE PLATE 
BOUNDARY: OBSERVATIONS OFF THE SUMATRA-
ANDAMAN TRENCH 
 
Kasey Aderhold1, Rachel E. Abercrombie1 
1Boston University, Department of Earth & Environment, Boston, MA, 02215, USA 
(kasey@bu.edu) 
 
3.1 INTRODUCTION 
The Indo-Australian plate is the most actively deforming intraplate oceanic lithosphere in 
the world, making it an ideal place to study oceanic strike-slip earthquakes. This large are 
of distributed deformation has been divided into three subplates, the Capricorn plate to 
the southwest, the Australian plate to the southeast and the Indian plate to the north 
(Royer and Gordon, 1997) separated by wide, diffuse boundaries. The largest feature of 
this area is the north-south trending Ninety East Ridge that lies in the middle of a broad 
zone of diffuse deformation (Petroy and Wiens, 1989). The Ninety East Ridge is an 
inactive hotspot track likely initiated by the flood basalts of the Kerguelen Hotspot before 
shearing off as the Indian plate moved northward (Weis et al, 1993). It divides the Indian 
Ocean into the Central Indian Ocean to the west and the Wharton Basin to the east, 
Figure 3.1. The style of deformation is different in these two regions, with predominantly 
strike-slip (Chamot-Rooke et al., 1993) earthquakes to the east of the Ninety East Ridge 
and thrust (Montési and Zuber, 2003) earthquakes to the west. However both styles of 
deformation—left-lateral strike-slip motion along N-S fracture zones and normal faults 
reactivated as reverse faults or strike-slip faults—are driven by the collision of Indo-
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Australia into Eurasia, evidenced by the horizontal maximum compressive stress 
orientation of earthquake mechanisms perpendicular to the ridge fabric and the long-
wavelength folding (Petroy and Wiens, 1989; Engdahl et al., 2007; Cloetingh and Wortel, 
1986; Sagar et al., 2013).  
Strike-slip earthquakes in the Wharton Basin have mechanisms with nodal planes 
that align closely with the north-south trending fractures produced by the extinct Wharton 
Ridge, Figure 3.1 (Chamot-Rooke et al., 1993). These fossilized fracture zones offset 
lithosphere with ages from 40-85 My in the south progressing to over 100 My to the 
north (Müller et al., 2008; Matthews et al., 2011). Fossilized fracture zones have been 
observed to be reactivated at subduction trenches both as normal and strike-slip 
earthquakes (Delecluse et al., 2012; Obana et al, 2014; Fromm et al, 2006; Abercrombie 
and Ekström, 2003) so it was expected and observed that these strike-slip earthquakes 
were rupturing along primarily north-south oriented faults. The regional strain field, 
caused by the collision of the India plate with Eurasia at the Himalayas adjacent to the 
continued subduction of the Indian plate under Eurasia to the east, is optimal for 
reactivating these fracture zones even at great distances from the trench (Delecluse and 
Chamot-Rooke, 2007).  
To the east of this region is the Sumatra-Andaman subduction trench that hosted 
the destructive MW 9.2 earthquake on 26 December 2004, followed shortly by the MW 8.6 
Nias earthquake on 28 March 2005. This sparked a significant amount of earthquake 
activity in the region both along the trench as well as within the incoming oceanic plate. 
Viscoelastic relaxation of the asthenosphere in the wake of the 2004 and 2005 subduction 
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earthquakes was also proposed as a mechanism to promote failure on the conjugate fault 
planes of the 2012 April earthquakes (Wiseman and Bürgmann, 2012). The main rupture 
patches of the 2004 and 2005 subduction zone earthquakes are separated by a narrow 
band of low slip below the island of Simeulue (Chlieh et al., 2007; Konca et al., 2007; 
DeShon et al., 2005). Paleoseismic studies on the coral microatolls on this island show 
that sites on the northern part of the island have a pattern of coral mortality due to uplift 
that is distinct from sites on the southern part of the island (Meltzner et al., 2012).  This 
suggests that a barrier to throughgoing subduction rupture below Simeulue has persisted 
for the last ~1100 years. A shorter paleoseismic record shows similar behavior under the 
Batu Islands (Meltzner et al., 2012).  Identifying the cause of segmentation along 
subduction zones into distinct rupture zones is important for determining the seismic 
hazard of the faults that can produce potentially the most damaging and devastating 
disasters. 
North-south oriented fractures zones extend northward towards the Simeulue and 
Batu islands and have been imaged to be continuous under the obscuring sediments of the 
accretionary prism (Matthews et al., 2011; Franke et al., 2008). Fracture zones provide a 
narrow zone of structural and compositional differences from the relatively homogenous 
subducting oceanic lithosphere. The relief of fracture zones has been proposed as a 
rupture asperity, with topographic heterogeneities affecting the coupling of the slab 
(Müller and Landgrebe, 2012; Robinson et al., 2006; Scholz and Small, 1997).  
Alternatively, the relief of a subducted irregularity has been observed as causing an area 
of weak coupling on the subduction interface (Wang and Bilek, 2011; Sparkes et al, 
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2010; Mochizuki, 2008). Regardless of how fracture zones are interpreted, as either an 
inhibitor or an enhancer of rupture, it is agreed upon by numerous studies that they do 
influence subduction zones and their associated slab interface earthquakes.  Therefore it 
is important for us to understand the attributes of these fracture zones prior to subduction, 
particularly their faulting orientation and seismogenic width.  
The Wharton Basin hosted the largest strike-slip earthquake recorded by modern 
seismometers on 11 April 2012, the MW 8.6 earthquake as well as its MW 8.2 aftershock 
two hours later. Back projections of the high frequency energy of these events recorded 
by European stations and the Hi-net array in Japan revealed a very complex rupture. 
Satriano et al. (2012) was able to determine acceptable model fits to data using a fault 
geometry of only parallel N-S strike-slip faults, but most studies did not constrain slip to 
the north-south oriented fracture zones. Instead these studies used a set of three to four 
orthogonal faults oriented both north-south, along existing faults, and east-west, along 
previously unidentified faults, and extending from the 94ºE fracture zone to the Ninety 
East Ridge (Wang et al., 2012; Duputel et al., 2012; Meng et al., 2012; Ishii et al., 2013; 
Wei et al., 2013). The complexity of this earthquake makes it difficult for the depth and 
fault orientations to be determined using back-projection and finite-fault inversion 
techniques. The aftershocks of these two events as located by the National Earthquake 
Information Center (NEIC) outline a similar intricate faulting pattern, Figure 3.1. The 
Global Centroid Moment Tensor catalog (gCMT) centroid depths for these events were 
unusually deep [46 and 55 km] implying slip up to and possibly beyond the 800ºC 
isotherm, Figure 3.2, and deep slip [40-60 km] was also found using finite-fault inversion 
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and GPS modeling (Ekström et al., 2012; Wei et al., 2013; Hill et al., 2015). This 
challenged the previous thinking that oceanic strike-slip earthquakes are limited by the 
600ºC isotherm (Boettcher et al., 2007), though faster strain rates would increase the 
depth of the brittle to ductile transition (Rolandone et al., 2004). To explain the 
exceptional depths, McGuire and Beroza (2012) proposed a slip velocity strengthening 
mechanism dependent on strain rate using a fine-grained, viscous shear zone that would 
temporarily increase the strength of the fault at depth within the limited temperature 
range of 600-800ºC (Kelemen and Hirth, 2007).  
Here we investigate MW 6.0-7.5 strike-slip earthquakes in the Wharton Basin to 
determine the source properties of depth, rupture directivity, and fault orientation. Depth 
of earthquakes is an important and difficult parameter to constrain teleseismically, 
especially in oceanic strike-slip earthquakes. Global catalogs often have fixed depths, or 
errors of up to 20 km (Maggi et al., 2000). We only look at the MW ≥ 6.0 earthquakes 
because depth phases of oceanic strike-slip earthquakes recorded at teleseismic distances 
are often incorrectly picked as the first arriving P waves since the take off angles are so 
close to the nodal planes relative to dip-slip earthquakes of comparable magnitude 
(Schramm and Stein, 2009). A poorly picked arrival can affect the determination of the 
focal mechanism, depth, and the seismic moment. Our methods outlined below focus on 
identifying and modeling the teleseismic body-wave phases of oceanic strike-slip 
earthquakes without introducing any spurious source complexity that can be better 
explained by structural complexity. We use these well-constrained earthquake depths to 
determine if the seismogenic width of the Wharton Basin follows the 600-800ºC 
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isotherms, as is the behavior of global oceanic strike-slip faults. The recalculated focal 
mechanisms and rupture directivity provide insight into the ongoing deformation in this 
region, particularly in identifying active east-west oriented faults. The finite fault 
inversions of the MW ≥ 7.0 earthquakes determine how slip is accommodated both along-
strike as well as down-dip during a larger event. All of these source characteristics are 
important in resolving the behavior of oceanic strike-slip earthquakes.   
 
3.2 POINT SOURCE MODELING OF MW ≤ 7.0 
We model teleseismic body waves for all earthquakes of 7.0 ≥ MW ≥ 6.0 occurring since 
1990 in the oceanic lithosphere along and to the east of the Ninety East Ridge in the 
Wharton Basin, Table 3.1. We follow the methods outlined in Aderhold and Abercrombie 
(2015), which are based on the methods of Maggi et al. (2000). Seismograms of P and S 
waves recorded at stations between 30º and 90º distance from the NEIC hypocenter for 
each earthquake are obtained from the Incorporated Research Institutions for Seismology 
Data Management Center (IRIS DMC). We pick phases first using the TauP arrival times 
(Crotwell et al., 1999). Each arrival is then hand picked with careful attention paid to the 
polarity of the highly nodal P waves as well as the pP and sP depth phases. The length of 
the record that we include in the model is between 30-90 seconds depending on the 
magnitude of the earthquake and the presence of resonating late arrivals from structural 
complexity. Seismograms are downsampled to 1 sample per second.  We rotate records 
of the S waves on the two horizontal components to produce the transverse SH waves, 
and downweight them in the models due to their large amplitude relative to the P waves.  
61 
 
 
We use the program MT5 (McCaffrey et al., 1991) to determine point source 
mechanisms and depths. All depths are reported with respect to the seafloor. We use a 
one dimensional velocity model at the source with a water layer between 2 and 5 
kilometers, a crustal layer of 7 km and a mantle half-space.  Interaction between the 
Wharton ridge and the Kerguelen mantle plume 55 million years ago likely produced the 
thinner crust [3.5-4.5 km] observed by Singh et al. (2011) in the basin east of the Ninety 
East Ridge. Substituting this thinner crust would have a minimal effect on modeling, 
shallowing the preferred centroid depth by ≤ 1 km due to replacing several kilometers of 
slower crust with faster mantle. A different source structure was used to model the 2014 
Bay of Bengal earthquake as there was significant variation in the synthetics when 
accounting for the large [10 km] sediment layer. We test sensitivity through grid 
searching around mechanism parameters of strike, dip, rake, and, most importantly, 
depth. 
While every effort was made to determine the best fit to the recorded data, there is 
additional complexity that comes from dipping structures at subduction zones.  At these 
settings, water depth increases as the down-going plate approaches the trench. Wiens 
(1989) showed that this increase in water depth caused by a dipping seafloor interface can 
produce significantly different P waveforms than an assumed source structure of 
horizontally dipping layers due to the varying take off angles for later arriving water 
phases. Relative amplitude changes are significant but there is little effect on the timing 
of phases. These effects from dipping seafloor affect strike-slip earthquakes more than 
thrust or normal earthquakes since most rays are taking off very near to a nodal plane. S 
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waves do not enter the water layer and so the SH phases show only minor effects from 
transmitted P wave water reverberations, making them indispensible for distinguishing 
source and structure complexity, Figure 1.4.  
Yoshida (1992) showed that the effect of a sea floor dip is most prominent in a 
complex seafloor with more than one dip corresponding to both the bend of the incoming 
plate to the trench as well as the accretionary prism.  The effect of more than one dip 
produces a ringing effect that lasts for multiple phases, past the few spurious phases 
produced from a single dip.  We see this in our results when comparing the recorded data 
for the 2009 MW 6.0 earthquake and the 1995 MW 6.9 earthquake, Figure 3.3.  The 2009 
earthquake occurred near the hypocenters of the 2005 and 2010 MW ≥ 7.0 earthquakes, so 
it is most likely a simple earthquake source that can show the effects of source structure 
in this location.  We compare this earthquake to the 1995 earthquake that occurred further 
to the south in a region of particularly smooth seafloor, Figure 3.4. Transects of the 
seafloor in the area of these two events are depicted in in various azimuths and the 
average is in black. Both events were within 50 km of the trench, however the relative 
amplitude of the water multiples recorded in the teleseismic waveforms is very different.  
The rougher seafloor near the 2009 earthquake amplifies the water multiples to become 
the largest phases at the most nodal stations [TAM, KMBO, FURI]. Since shear waves 
are not transmitted through the water column, the SH waves do not show this effect of a 
water layer, Figures 3.3 and 3.4.  
Water phases themselves can produce significant arrivals, whether or not the 
seafloor is dipping.  P waves transmitted from the seafloor through to the water column 
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ricochet off the sea surface and can continue to bounce in the water column, losing 
energy every time a new phase is transmitted back through the seafloor and on to be 
recorded at teleseismic stations.  If the water layer is a constant thickness, in other words 
where the seafloor is flat, these water phases would arrive evenly timed at the station. By 
using the time differential between water phases transmitted from the seafloor and water 
phases transmitted from the seasurface, the water layer thickness above the event can be 
determined and can help to pinpoint the epicenter of an earthquake relative to 
bathymetric features (Chu et al., 2011). Whenever possible we matched the time interval 
of the arriving water phases by adjusting the depth of the water layer. The 1995 
earthquake is a good example of this, Figure 3.3, where the later positive phases arriving 
in the last ~20 seconds on nodal stations [KURK, AAK] is fit by the synthetics of a 
simple source and structure that includes a 5 km water layer. The bathymetry near the 
hypocenter of this earthquake agrees well with this depth determined by fitting the 
recorded data, Figure 3.4, so we believe that this is a well-located earthquake that 
occurred very near the deepest portion of the trench.   
 
Results and Discussion of MW ≤ 7.0  
All MW ≤ 7.0 earthquakes have one nodal plane with a strike within a ten degrees 
of the ~15º strike of the N-S fracture zones with two exceptions: the 2009 MW 6.0 at the 
subduction trench prefers a mechanism rotated ~3º further to the east and the 2014 MW 
6.0 Bay of Bengal event that has a strike of ~45º, Figure 3.1. Dips of the events nearest to 
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the trench are in the opposite direction to dips of the earthquakes occurring in oceanic 
lithosphere further from the trench consistent with plate bending. 
All earthquake centroid depths are well above the 800ºC isotherm, extending from 
just below the 600ºC isotherm all the way to the base of the crust at 8 km, Figure 3.2.  
The depth of the two shallowest events, the 1999 MW 6.4 and 2005 MW 6.7 2005, are not 
well-constrained on the shallow side, with relatively no difference in fit from the 
minimum variance depth to the shallowest tested depth of 2 km. We therefore report 
these two centroids as the maximum depth of the centroid, with slip possible through the 
oceanic crust as would be expected with ~0.75 meters of slip on a 15 by 15 km fault [MW 
6.4] or ~1 meter of slip on a 20 by 20 km fault [MW 6.7] (Stein and Wysession, 2003). 
Depth for all other events show clear minima, Figure 3.5, and we report these as centroid 
depths with errors corresponding to both a visible decline in fit as well as a variance 
increase of more than 3% over the best fit solution. The error on average is ± 3 km. This 
is similar to the error in centroid depth found by Buchanan (1998) for earthquakes 
primarily in the Central Indian Ocean Basin. The 1990 MW 6.7 earthquake is the only 
overlapping event in the two studies, and our centroid depths [32 and 37 km] overlapped 
error bars lending confidence that these methods and results are sound. The earthquake 
centroids do not show a direct positive relationship between older lithosphere and deeper 
centroids, nor do they follow a relationship of the largest earthquakes having the deepest 
centroids. However, the deepest earthquake centroids, the 1999 MW 6.9, the 1990 MW 6.7, 
the 2012 MW 6.3, and the 2014 MW 6.1, closely track the 600ºC isotherm, Figure 3.2. The 
deepest centroid in the Wharton Basin was the 2012 MW 6.3 aftershock, which ruptured at 
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least to a depth of 38 km in the same area where the final subevent of the MW 8.6 
earthquake likely occurred (Duputel et al., 2012). This could be evidence of the 
dependence of the brittle-ductile transition depth on strain-rate following a large 
earthquake (Rolandone et al., 2004). 
 We modeled the 21 May 2014 MW 6.1 earthquake that occurred to the north of the 
other earthquakes on the edge of the thickest part of the Bengal Fan with a significantly 
different source structure. Sediments are between 5 to 16 km in the region, with steep 
slopes on the edges where active deposition is occurring, supplied by the Ganges and 
Brahmaputra rivers (Curray et al., 2002). The source structure is complex here and the 
teleseismic waves show later arrivals that we associate with the thick sediments and 
dipping seafloor bathymetry. Our best fit model used a simple structure [water layer of 2 
km, averaged layer of 10 km of sediments at VP 3 km/s and 7 km crust with VP of 6.5 
km/s over a mantle half-space at VP 8.1 km/s] similar to that found by Rao et al. (2015). 
They used regional waveforms to invert for a more complex structure reflective of the 
region, and favored a centroid depth between 50-54 km, a range that agrees with our 
preferred depth of 52.5 km (±3 km), Figure 3.6. This is still expected to be within oceanic 
lithosphere and not the ~40 km thick colliding continental crust, confirmed by the fast P 
wave velocities and relatively thin (12 km) crust preferred by the models of Rao et al. 
(2015). This centroid is at the expected brittle-ductile transition for oceanic lithosphere of 
110 My, though a plate model would be more appropriate for lithosphere of this age, 
raising the 800ºC isotherm by ~10 km (Stein and Stein, 1992), Figure 3.2. 
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 Rupture directivity was tested on the two largest MW ≤ 7.0 events, the 1999 MW 
6.9 and the 1995 MW 6.9.  Line sources were modeled with a rupture velocity from 1-4 
km/s beginning at the NEIC hypocenter and extending along the four directions 
determined by the strike of the best fitting mechanism with a fixed mechanism and depth 
let free. There was no significant improvement in the fit to the synthetics using a line 
source over a point source, so we conclude that rupture during these two events was 
either bilateral or not resolvable. To determine the orientation of the active oceanic faults 
in this region, we modeled the larger MW ≥ 7.0 strike-slip earthquakes. 
 
3.3 MODELING OF MW ≥ 7.0 
We calculate centroid depths and focal mechanisms for the MW ≥ 7.0 earthquakes 
following the same method as outlined in the previous section. These focal mechanisms 
and depths were used to set up the finite fault slip inversions for the 2012 and 2005 MW 
7.2 earthquakes using the methods Antolik et al., (2000; 2004; 2006). Both fault planes 
were modeled with extensive fault lengths and width, and rupture was modeled at 
velocities from 1 km/s to 5 km/s.  The fault was reduced in size to test the sensitivity of 
particular slip asperities following a similar approach as outlined in Chapter 2. 
 
3.3.1 The 2010 MW 7.5 Earthquake 
This earthquake had 0 foreshocks and 45 aftershocks between the magnitudes of 4.0 and 
5.5 within 200 km and 30 days of the mainshock, the NEIC locations of which appear to 
tightly outline a north-south striking fossilized fracture zone, Figure 3.7. Five of the 
aftershocks were strike-slip earthquakes with magnitudes between 4.9 and 5.5 (gCMT). 
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The deepest aftershock was the mb 5.2 that occurred on 11 July 2010 at a NEIC 
hypocentral depth of 42.8 km.  
The first-motion polarities of this event require a mechanism with a steeper dip 
than the gCMT moment tensor and a strike that matches the strike of the subducting 
north-south fracture zone, Figure 3.1. A single fault is not enough to represent the rupture 
of this earthquake. Stations on either side of the 30º azimuth have different polarities of 
first motions, yet after less than five seconds have waveforms very similar to one another, 
Figure 3.8. This implies that these stations are in different quadrants for the first strike-
slip subevent and the same quadrants for a later subevent. Because the first motion 
mechanism clearly does not fit the data through point source modeling, a second subevent 
is needed to explain the recorded seismograms, particularly the pervasive negative arrival 
at ~25 s after the initial P picks. A thrust mechanism is preferred for the best fit, which 
implies that the strike-slip subevent triggered a thrust subevent very near the subduction 
trench. If the second event occurred on the slab interface, it should have a similar 
mechanism to past seismicity on the slab interface. The nearest earthquake in the gCMT 
catalog after 1990 with a thrust mechanism is the 8 January 2007, MW 6.1 earthquake with 
a centroid just under 75 km from the centroid of the 2010 earthquake. The 61º dip of the 
secondary fault plane of the moment tensor agrees with the imaged slab dip in this area of 
55-65º (Pesicek et al, 2008), Figure 3.4. While fixing a second subevent with this 
mechanism does improve the fit to seismograms over the fit from having a single 
subevent, allowing the second mechanism to be free results in a rotated mechanism with 
a strike that is slightly off of the strike of the subduction zone.  
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We adopt a compromise second subevent mechanism with a dip of 64º that fits 
both the seismograms and is within a few degrees of the expected dip of the subduction 
zone at this location, Figure 3.8. Fixing the first subevent on the first motion mechanism 
[127/75/176] and the second subevent on the compromise mechanism [119/64/98] results 
in nearly equal moment on the subfaults, each hosting slip equivalent to a MW 7.3 
earthquake. The strike-slip subevent prefers a centroid depth 12 km shallower than the 
thrust subevent, with the 31.4 km average centroid depth of the two subevents in close 
agreement to the gCMT centroid depth of 33.1 km. The depth of both subevents is 
difficult to constrain due to the overlapping source time functions, with the depth phases 
of the first subevent masked by the initial phases of the second subevent. An expected 
half duration of 13.1 s and a centroid time minus hypocenter time of 9.9 s implies that 
this was a relatively fast earthquake, perhaps due to simultaneous rupture of two fault 
planes (Duputel et al., 2013). This behavior is most similar to the observations of the 18 
June 2000 MW 7.9 Wharton Basin strike-slip earthquakes, which was fit well with a 
strike-slip subevent and followed by a synchronous rupture on a second thrust subevent 
(Abercrombie et al., 2003). The 4 June 2000 MW 7.9 Enggano was also best fit with a 
thrust subevent, however the rupture was less entwined in the initial strike-slip subevent 
and went on for longer allowing it to be better resolved (Abercrombie et al., 2003). 
Possible causes of complexity in the recorded teleseismic waves outside of source 
effects have been explored and quantified whenever possible. Since the 2010 earthquake 
initiated within 50 km of the subduction trench, Figure 3.1, seismograms traveling 
through the slab could be altered by the cold, high-velocity core. This would result in a 
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broadening of P and sP waves on the order of seconds relative to seismograms not 
traveling through the slab (Zhan et al., 2014). We used the slab geometry (Pesicek et al. 
2008; Hayes et al., 2012) and a slab thickness to determine the takeoff angle necessary 
for the body waves of the earthquakes to travel through the slab to the stations. The 
takeoff angles for the stations we used ranged between 20.3º and 40.2º for distances 
between 88.8º and 30.4º respectively.  This range does not travel through the slab and we 
disregard this as a source of any complexity in our waveforms and conclude that this 
must have ruptured along multiple differently oriented subfaults. 
 
3.3.2 The 2005 MW 7.2 Nicobar Earthquake 
The 2005 strike-slip earthquake occurred on 24 July 2005, less than a year after the 2004 
Great Andaman-Sumatra Subduction Earthquake that ruptured a continuous segment of 
the trench from 2ºN and ending at 14ºN (Chlieh et al, 2007). The NEIC hypocenter of 
this strike-slip earthquake was within 50 kilometers from the subduction zone trench and 
at the same latitude as the northern portion of the subduction zone that experienced up to 
16 meters of slip during the 2004 earthquake, Figure 3.1.  The 2005 and 2010 
earthquakes gCMT centroids were only 26 km apart. 
Earthquake productivity in the area was significantly elevated in the wake of the 
2004 MW 9.2 earthquake, and it is difficult to identify the 2005 strike-slip sequence. Five 
earthquakes with magnitudes between 4.0 and 4.9 occurred within 100 km of the gCMT 
centroid and 30 days prior to the 2005 mainshock, with the largest having a strike-slip 
mechanism, Figure 3.7. In the 30 days following the mainshock, 52 earthquakes [M 3.7 – 
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5.6] occurred within the same 100-kilometer radius, three with a strike-slip mechanism.  
The depths of the seismicity following the mainshock ranged from 9.7 to 43 km. This 
sequence of subsequent seismicity appears to be much more disperse than the 2010 
sequence, however this may be an artefact from being superimposed on the 2004 
aftershock sequence. The gCMT catalog reported a very similar half duration and 
centroid time minus hypocenter time, implying that this earthquake rupture was not 
unusually long or short.  
The effect of a dipping seafloor on teleseismic waveforms is seen most when later 
water phases are coming in at stations in the up-dip direction.  In the 2005 waveforms 
this can been seen as the relatively large amplitude later negative and positive phases that 
are not fit by the synthetics, Figure 3.9. Including a 3 km water layer produces phase 
arrivals in the correct polarity and timing, however the amplitudes are much smaller than 
the recorded data. The SH waves are well-fit by a simple one source mechanism, and so 
we believe the complexity in the P waves is simply from the source structure and would 
be fit if a dipping seafloor was included. A line source was tested in order to see if there 
was resolvable directivity.  A slight improvement is seen with a rupture velocity of 3 
km/s at 297º.   
Since rupture directivity in the 2005 earthquake can be observed using just a line 
source, we outlined fault planes consistent with the two conjugate faults planes for the 
best-fit mechanism, Figure 3.1. These faults planes were made purposely large at first to 
be able to test high rupture velocities, 200 km long and 50 km wide with the hypocenter 
at the center of the fault.  A rupture velocity of 2 km/s resulted in the best fits to 
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seismograms, with the E-W fault plane performing better than the N-S except at the 
lowest rupture velocity, Figure 3.10.  Slip was compact and primarily to the west.  The 
fault plane was then reduced to determine if the fit was affected by removing all but the 
largest slip asperity. 
The constrained fault plane for this event was 105 km in length and 35 km wide 
with the top of the fault extending to 5 km below the seafloor and a dip of 72º.  The 
hypocenter was positioned at 20 km depth from the seafloor and centered horizontally. 
Slip was predominantly unilateral to the west and very compact, Figure 3.11. An average 
slip of 8.4 m was distributed over a fault area of 330 km2, so even with such a large 
displacement this event remains a MW 7.2 and has a moment of 10.0e19 Nm. The depth 
distribution of slip extended between 10 km and 30 km, with the peak at 20 km, which 
matches the centroid depth of our point source modeling. Restricting the slip of this fault 
to strictly unilateral rupture along each direction of the conjugate fault planes of the best 
fitting mechanism results in a best fit by rupture to the north at 1 km/s, but a significant 
preference of rupture to the west at all higher rupture velocities, Figure 3.S1. 
 
3.3.3 The 2012 MW 7.2 Wharton Basin Earthquake 
On 10 January 2012, three months before the MW ≥ 8 earthquakes, a magnitude 7.2 strike-
slip earthquake occurred near the centroid of the 2012 MW 8.6 earthquake. This 
earthquake had 0 foreshocks and 23 aftershocks between the magnitudes of 4.0 and 5.2 in 
the 30 days following the mainshock in a 100 kilometer radius of the NEIC epicenter, 
Figure 3.7. The two largest aftershocks, one on 11 January and the other on 27 January, 
72 
 
 
both had strike-slip mechanisms in the gCMT catalog but with a relatively shallow dip. 
The aftershock hypocenters are relatively dispersed between two N-S fracture zones and 
do not fall on a single, well-defined fault plane.   
The USGS finite fault solution for the 2012 earthquake fits the later part of the 
seismogram well, but the first arriving phase is not fit by stations from azimuths 103-149º 
(see Data and Resources). We try to improve on these fits with our preferred mechanism 
calculated on our new phase picks. Our mechanism has a similar strike and dip to the 
gCMT moment tensor, and a relatively long duration of ~25 seconds, Figure 3.12. This 
fault orientation fits both the strike of the N-S oriented fracture zones as well as the E-W 
oriented subfault ruptured during the 2012 April earthquake, Figure 3.1. The point source 
modeling of this earthquake showed a preference for shallow slip along this fault above 
20 km. However the beginning of waveforms on some stations to the southeast [MEEK, 
NWAO, CTAO] were fit much better with a centroid depth of 25 km. We prefer a 
compromise depth of 15 km in order to prioritize fitting the initial waves.  Though the fit 
is not ideal, the polarity of the first arriving phases is correct and we believe our model 
shows an improvement at these stations over the preliminary USGS model.  
The source time function of the 2012 earthquake was longer than the 2005, so we 
extended our initial fault plane to allow for a longer duration rupture. Our starting 
geometry was a fault plane of 300 km by 50 km. The E-W fault plane was preferred over 
the N-S fault plane and the best fit was with a rupture velocity of 2 km/s, Figure 3.10. 
Slip was scattered across much of the fault, but with a larger amount of slip to the west of 
the hypocenter. The seismograms show stuttering phases in the first 20 seconds that 
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would manifest as several percussive slip asperities along strike. Repetitive and evenly 
spaced vertical slip patches greater than 50 km from the hypocenter to the east are likely 
from using slip to model water phases. We reduce the fault plane to prevent including this 
spurious slip in our models. Our reduced fault geometry does not have a significant effect 
on the fit to the earlier part of the seismograms. 
The fault geometry of the constrained solution for this earthquake was 102 km 
long and 25 km wide with the top edge flush with the seafloor and a slight dip of 88º.  
The hypocenter remained at 15 km and in the center of the fault plane. The best solution 
was found for a rupture velocity of 2 km/s, resulting in a moment of 7.8e19 Nm. Slip was 
bilateral with more slip towards the west than the east, Figure 3.13. The slip was more 
dispersed than the 2005 earthquake, with an average slip of 2.9 m over an area of 750 
km2. The longer rupture duration of the 2012 earthquake relative to the 2005 earthquake 
is confirmed by the an expected half duration of 9.6 s and a centroid time minus 
hypocenter time of 14.2 s implying that this was a longer than average earthquake rupture 
duration. The slip distribution with depth showed a peak at 10 km, but with a large 
amount of slip on the bottom of the fault at ~25 km. Limiting slip to only 20 km in depth 
resulted in a larger amount of slip at the 20 km bottom of the fault. Allowing slip to only 
go in one direction at a time along the two conjugate fault planes shows a preference for 
the western fault plane above all others, Figure 3.S1. Though the slip was less than that of 
the 2005 earthquake, the fault area experiencing significant slip was larger resulting in 
the same magnitude of 7.2. 
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3.4 DISCUSSION AND CONCLUSIONS 
3.4.1 Depth distribution and extent of seismic slip  
We find that the depth of seismic rupture on oceanic strike-slip faults in the Wharton 
Basin is primarily thermally controlled and limited by the 800ºC isotherm. Depth of 
oceanic strike-slip earthquakes is expected to extend well into the upper mantle, so this is 
as expected and agrees with the results from other regional and global earthquake studies 
(Abercrombie and Ekström, 2001; Wiens and Stein, 1983; Bergman and Solomon, 1988).  
Slip along faults has also been imaged to extend ~24 km into the mantle in this region 
(Carton et al., 2014; Delecluse and Chamot-Rooke, 2008). The shallowest centroid 
depths were a maximum of 8-14 km, with little change in fit at shallower depths. This 
implies that earthquake slip could occur in the oceanic crust, though predominantly slip is 
well below this and occurs in the oceanic mantle. Movement along the N-S fracture zones 
of the Wharton Basin is confirmed to reach the seafloor surface by surveys that mapped 
disturbed sedimentary layers (Deplus et al., 1998).  Therefore we believe that the 
seismogenic zone in this intraplate setting could extend from the 700º C isotherm to the 
surface, or, alternatively, to within a few kilometers of the surface with an aseismic upper 
layer. Significant slip from shallow crustal depths down to slightly past the 700º C 
isotherm shows that a large portion of the faults can be seismogenic. 
The depth of coseismic slip during large events has been proposed to extend 
below the usual seismogenic limit due to rupture into a velocity-strengthening lower layer 
(Shaw and Wesnousky, 2008). This mechanism could be behind the unexpectedly deep 
centroids of the MW 8+ 2012 April earthquakes (Duputel et al., 2012; gCMT Catalog), as 
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well as the deep slip [50 km] modeled by Yue et al., 2012 and Wei et al., 2013.  The 
constraints on this deep slip are not ideal with teleseismic and regional waves alone due 
to the complex nature of the rupture and the timing of the deepest slip in the middle of the 
wave train of earlier subevents, however significant slip at depths of at least 60 km are 
required to fit geodetic data (Hill et al., 2015). We show that the 15 April 2012 aftershock 
of the MW 8+ earthquakes has the deepest centroid of MW 7.0 seismicity in the Wharton 
Basin. This could be driven by the significant deepening of the brittle failure limit by 
postseismic slip in the immediate aftermath of a large earthquake (Rolandone et al., 
2004).   
 
3.4.2 Active faults in the Wharton Basin  
The April 2012 earthquakes were the largest and best recorded oceanic intraplate events. 
With greater research capabilities made possible by large seismometer arrays such as Hi-
net in Japan and new techniques developed around them such as back projection (Ishii et 
al., 2005) as well as enhanced aftershock detection from the greater station coverage, we 
are able to make observations of these events that suggest a highly complex strike-slip 
rupture pattern along both NNE-SSW fracture zones and orthogonally orientated ESE-
WNW faults (Wang et al., 2012; Duputel et al., 2012; Meng et al., 2012; Ishii et al., 
2013; Wei et al., 2013). Along the Ninety East Ridge, seismic reflection profiles reveal a 
change in faulting from transpressional WNW-ESE faults [0-5ºN] to thrust/strike-slip 
WNW-ESE faults [5-8ºS] (Sagar et al., 2013). This changes again to the south, implying 
that the northern portion of the Ninety East Ridge is controlled by the motion of India-
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Australia and the southern is controlled by motion of the India-Capricorn (Sagar et al., 
2013).  It is clear that deformation between these three subplates is influenced in a 
predictable manner from regional tectonic stresses, preferentially follows existing faults, 
and is much more diffuse and complex than narrow plate boundaries. In a detailed survey 
of the southern part of the Wharton basin around 93ºE, east-west oriented oceanic fabric 
associated with the fossilized ridge was mapped (Deplus et al., 1998). Despite this, prior 
to the 10 April 2012 earthquakes strike-slip rupture in the Wharton Basin was assumed to 
follow the prominent N-S trending fracture zones.  
Finite fault inversion of the 10 January 2012 foreshock to the April 2012 events 
has a better fit for bilateral rupture along an ESE-WNW fault, with more slip to the west 
than the east. This would match the strike of the northern linear E-W aftershock sequence 
of the 2012 events (grey dots in Figure 3.1), corresponding to the fault that hosted the 
first subevent of the MW 8.6 event (Meng et al. 2012; Yue et al., 2012; Duputel et al., 
2012; Ishii et al., 2013). The results of this study show that slip is not limited to the E-W 
fracture zones in the Wharton Basin only in large magnitude events, but that rupture is 
also hosted on E-W faults during smaller magnitude events.   
The 2005 and 2012 earthquakes both prefer westward rupture, however they are 
very different otherwise.  The 2005 earthquake had compact unilateral slip concentrated 
deeper at 20 km extending 24 km to the west.  The 2012 earthquake had dispersed 
bilateral slip along the entire 100 km length of the fault, concentrated slightly shallower 
at 10 km. Despite the great differences in slip behavior, we confirmed that these two 
events had the same magnitude of 7.2 with these new models.  
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The 2010 MW 7.5 earthquake was comprised of two sub-events, the first strike-slip 
and the second a thrust with a mechanism consistent with the subduction zone interface.  
Both subevents were of an equal moment, each equivalent to a MW 7.3 earthquake. This is 
strikingly similar to the observations made on the two MW 7.9 2000 earthquakes in this 
region, where a strike-slip subevent initiated rupture along an adjacent thrust fault 
(Abercrombie et al., 2003).  The 4 June 2000 Enggano earthquake ruptured a strike-slip 
fault for at least 30 seconds, with a second reverse fault activated 13 seconds into the 
main rupture.  In the case of the Enggano earthquake the total duration was ~100 seconds 
and up to a depth of 57 km, much longer and deeper than the smaller magnitude 2010 
earthquake. Aftershocks of the 2010 earthquake clustered closely on the strike of the N-S 
fracture zone that lines up with one of the fault planes, extending ~100 km and consisting 
of both strike-slip and normal faulting events.   
 
3.4.3 Effect of fracture zones on subduction interface 
Activated fracture zones near subduction zones could be host to areas of 
serpentinization when subjected to bending (Ranero et al., 2005) while approaching the 
trench and then subducting, release a surplus of fluid after reaching high pressures and 
temperatures. When released, pore pressure is increased and the effective normal stress 
on the slab interface is decreased (Charlou et al., 1998). Müller and Landgrebe (2012) 
found a strong correlation between the location of fracture zone/subduction zone 
intersections and the location of the largest (MW ≥ 8) subduction zone earthquakes, citing 
the strong bathymetric highs as a potential area of enhanced coupling. Both of these 
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effects have been proposed as a mechanism to influence the rupture of the most 
hazardous tsunamigenic earthquakes on the slab interface (Bilek et al., 2003; von Huene 
et al., 2012). To determine the volume of fluid that could enter the subduction zone in 
this manner as well as where the fluid would be concentrated, we need to know what the 
faulting geometry of the lower subducting plate is and where seismic rupture can be 
sustained along the fractures.  This determines where we would expect a concentration of 
fluid-heavy materials and where there may be topographic heterogeneities that control 
earthquake rupture.   
The N-S fracture zones in this region are clearly visible as continuous, significant 
linear features on bathymetry but are obscured further to the north by sediments, Figure 
3.1. This sedimentary layer is the Bengal Fan supplied by the Ganges and Brahmaputra 
rivers and is up to 16.5 km thick (Curray et al., 2002; Whittaker et al., 2013). Sediments 
can smooth out the roughness of fracture zones on the downgoing plate before it is 
subducted, thereby eliminating a mechanical barrier to rupture (Melnick et al., 2009).  
Active deformation was identified along the N-S fracture zones, generally 
showing a structure of two fault strands separated by en-echelon extensional or 
compressional cracks on the order of several kilometers for each N-S fracture zone 
(Deplus et al., 1998). It has been observed that faulting in the off-trench oceanic 
lithosphere in this region follows reactivation of existing faults over the creation of new 
faults even when the orientation is not ideally aligned with the compressive stresses 
(Sagar et al., 2013). Fracture zones are also observed to be seismically active after being 
subducted under the trench as observed both in Sumatra (Lange et al., 2010) as well 
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similar relations between incoming oceanic plate structures at other subduction zones like 
Chile (Kirby et al., 1996) and Japan (Nakajima and Hasegawa, 2006). Large earthquakes 
along these fracture zones can be damaging on their own, as in the 2009 Padang 
earthquake (McCloskey et al., 2010). Therefore it is important to have the existing 
structure well-mapped in order to best determine the faulting geometry of earthquakes, 
prompting the recent and upcoming research cruises in this area.   
 
Given that slow, average and supershear rupture velocities as well as a diverse mix of 
faulting geometries have been proposed for the same MW 8.6 earthquake, the range of 
observed behavior of oceanic strike-slip earthquakes may be a consequence of resolution. 
Faulting geometry proposed was predominantly along 3-4 orthogonal faults, however a 
solution using only N-S trending faults was also proposed (Satriano et al. 2012). 
Supershear rupture velocities [5 km/s] were observed through backprojection for some of 
the fault segments (Wang et al., 2012) though most studies found slow rupture velocities 
[1.8-2.5 km/s] (Duputel et al., 2012; Yue et al., 2012; Meng et al., 2012; Wei et al., 2013) 
or more usual rupture velocities  [2.8-3.9 km/s] (Zhang et al., 2012).  We have shown that 
even smaller MW ≤ 7.5 earthquakes can involve complex rupture on multiple faults, which 
would affect their stress drop calculations. Seismic rupture of the earthquakes in this 
study extended from the oceanic crust to the 700º C isotherm with a maximum of 51.5 
km depth for the 2014 Bay of Bengal earthquake.  This is in line with current 
understanding of seismic rupture along oceanic strike-slip earthquakes, which often 
rupture entirely within the oceanic upper mantle (Abercrombie and Ekström, 2001).  
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However given that oceanic strike-slip earthquakes are notoriously difficult to model for 
depth using teleseismic waveforms, and that there are often no nearby regional, OBS, or 
geodetic stations, the fixed depths that are used from catalogs may introduce a false 
diversity in observed earthquake behavior.   
 
3.5 DATA AND RESOURCES 
All seismograms used in this study can be obtained from the IRIS DMC at www.iris.edu 
[last accessed February 2015]. Some of the figures were made using the Generic 
Mapping Tools (GMT) version 4.5.8 (www.soest.hawaii.edu/gmt; Wessel and Smith, 
1998) [last accessed June 2014]. Seismic Analysis Code (SAC) was used during data 
processing (Goldstein and Snoke, 2005; Goldstein et al., 2003) [last accessed September 
2010]. The Global Centroid Moment Tensor Project database was also used at 
www.globalcmt.org [last accessed February 2015]. Bathymetry data came from the 
GEBCO_08 Grid version 20100927 (www.gebco.net) [last accessed June 2014]. 
Preliminary finite fault models for the 10 January 2012 earthquake by G. Hayes were 
accessed online from ANSS Comprehensive Catalog (www.comcat.cr.usgs.gov), [last 
accessed February 2015]. Aftershock locations and magnitudes were accessed from the 
FDSN through the IRIS DMC FetchEvent tool at 
seiscode.iris.washington.edu/projects/ws-fetch-scripts [last accessed February 2015]. 
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3.6 SUPPLEMENTARY INFORMATION 
3.6.1 Figures 
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Figure 3.1. Age and bathymetry of Wharton Basin study site. a) Bathymetry of the 
Central Indian Ocean and Wharton Basin.  Background is GEBCO 30 second bathymetry 
(see Data and Resources). Solid black lines-plate boundaries (Bird et al., 2003), white 
dashed lines-fracture zones (Matthews et al., 2011), grey lines-1 km sediment thickness 
contours (Whittaker et al., 2013), orange lines – 2 m slip contours of the 2004 MW 9.2 
earthquake (Chlieh et al., 2007), pink lines – 2 m slip contours of the 2005 MW 8.5 
earthquake (Konca et al., 2007), turquoise lines-fault planes for finite fault modeling of 
the 2005 and 2012 earthquakes, white circles-centroid locations of earthquakes 
(Buchanan, 1998), black circles- gCMT centroid locations of the earthquake modeled in 
this study, small grey circles-earthquakes from the NEIC catalog in the 30 days following 
the 2012 MW 8.6 earthquake. b) Lithospheric age of the Central Indian Ocean and 
Wharton Basin. Background is age of lithosphere (Müller et al., 2008). White lines are 
same features in left figure.  Circles are same earthquake centroids as in left figure. Focal 
mechanisms are from this study and color denotes the centroid depth. 
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Figure 3.2. Depth of earthquakes versus lithospheric age.  Isotherms are shown for a 
half-space cooling model and age is from Müller et al., (2008).  Error bars for this study 
represent a variance increase of more than 3% over the best fit solution, and a standard ± 
3 km for the Buchanan study.   
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Figure 3.3. Point source models of the a) 1995 MW 6.9 and b) 2009 MW 6.0 
earthquakes.  P waves are shown on the top, with their location on the focal sphere 
(middle) indicated by the letter to the right.  SH waves from the western side are shown 
for reference on the bottom.  Data are solid lines and synthetics are dashed. 90 seconds of 
seismogram are shown for the 1995 earthquake and 60 seconds for the 2009 earthquake. 
b) a) 
0 35s 
B
R
E
R
 
 
B
C
K
U
R
K
 
C
D
A
T
D
 
 
D
E
A
A
K
 
 
E
F
T
L
Y
  
F
H
K
M
B
O
 
H
K
C
R
Z
F
 
K
O
W
M
Q
 
 
O
Q
T
L
G
 
 
Q
R
K
I
V
 
 
R
T
N
R
I
L
 
T
U
T
A
M
 
 
U
Z
[
W
L
F
 
 
[
\
]
T
S
U
M
 
]
^
S
Y
O
^
A
T
D
 
 
  D
A E
A
K
 
 K HM
B
O
T U
A
M
 
0 14s 
B
V
A
R
 
A
E
I
L
 
 
B
C
R
Z
F
 
K
B
L
 
 
F
A
A
K
 
 
H
M
S
E
Y
 
J
T
A
M
 
K
K
U
R
K
 
 
B
R
V
K
 
A
B
P
O
 
U
F
U
R
I
 
V
G
N
I
 
 
W
F
O
M
A
X
K
M
B
O
 
Y
A
N
T
O
 
\
M
B
A
R
 
]
G W
A
B
 
FH
J
K
U
 
V
W
X
Y
\
]
A
N
T
O
 
 
N
I
 
  \M
B
A
R
T K
A
M
 
  ]
85 
 
 
 
Figure 3.4. Bathymetry profiles at the a) 2009 MW 6.0 and b) 1995 MW 6.9 centroids. 
Colored lines correspond to the different degree profiles depicted in the map as the black 
transects throught the focal mechanism using GEBCO 30 second (see Data and 
Resources). The black line in the profiles is the average of the water depth transects. 
Triangles denote the earthquake centroid location, and average seafloor dip angles are 
shown. Black contours show the subducting slab interface (Hayes et al., 2012). 
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Figure 3.5. Depth sensitivity of the MW ≤ 7.0 earthquakes in the Wharton Basin. 
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Figure 3.6. Depth sensitivity of the 21 May 2014 Bay of Bengal earthquake. 
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Figure 3.7. Foreshock and aftershock activity for 2005 MW 7.2 (left), MW 2010 7.5 
(right) and 2012 MW 7.2 (bottom).  Circles are a 100 and 200 km radius from the gCMT 
centroid for each event and foreshocks/aftershocks are defined as occurring 30 days 
before/after the mainshock.  Stars show the NEIC hypocenter. 
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Figure 3.8. Best fit model of the MW 7.5 earthquake on 12 June 2010. First motion is 
determined by handpicked P wave polarities at stations between 30º and 90º distance 
from the earthquake and the second subevent as a compromise mechanism between the 
nearest thrust event, the slab orientation and the best-fitting free mechanism. The first 
subevent source time function is indicated by the solid line and second subevent by the 
dashed line. 
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Figure 3.9. Best fit model of the MW 7.2 earthquake on 24 July 2005. First motion 
determined by handpicked P wave polarities at stations between 30º and 90º distance. 
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Figure 3.10. Directivity testing for the a) 2005 and b) 2012 earthquakes. 
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Figure 3.11. Finite fault model of the 2005 earthquake.  a) Slip distribution for the 
model. b) Synthetics for the model. 
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Figure 3.12. Best fit model of the MW 7.2 earthquake on 10 January 2012. First 
motion determined by handpicked P wave polarities at 200 stations between 30º and 90º 
distance. 
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Figure 3.13. Finite fault model of the 2012 earthquake.  a) Slip distribution for the 
model. b) Synthetics for the model. 
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Figure 3.S1. Directivity testing for the a) 2005 and b) 2012 earthquake. 
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3.6.2 Tables  
Table 3.1. Earthquakes modeled in Sumatra.  Focal mechanisms from point source 
modeling are listed along with the gCMT centroid for the corresponding earthquake. h0 is 
centroid depth and moment is in Newton meters. 
 
Year 
(DOY) 
h0 (km) Strike 
(º) 
Dip 
(º) 
Rake 
(º) 
Moment Latitude 
gCMT 
Longitude 
gCMT 
MW 
gCMT 
h0 
gCMT 
2005 
(205) 
20 116 72 169 10.0e19 7.92 91.88 7.2 12 
2010 
(163) 
18.5/40.5 127/119 75/64 176/98 1.1e20/8.3e19 7.85 91.65 7.5 33.1 
2012 
(010) 
12 103 88 -172 7.8e19 2.59 92.98 7.2 23.7 
2014 
(141) 
51.5 319.9 82 180 1.3e18 18.10 88.09 6.1 57.6 
2012 
(106) 
38.3 11.5 69 354.3 2.75e18 2.49 90.31 6.3 33 
2009 
(314) 
27.9 118 77 160.6 1.04e18 8.05 91.86 6.0 19.9 
2007 
(277) 
14.4 105.1 84 184 2.58e18 2.47 92.83 6.2 12 
2006 
(109) 
15.8 288.1 89 179.3 2.46e18 2.70 93.22 6.2 17.2 
2005 
(001) 
14.0 108.2 89 176.3 1.19e19 4.97 92.22 6.7 12 
1999 
(333) 
8.0 21.7 84 13.8 4.71e18 -1.25 88.98 6.4 15 
1999 
(319) 
35.9 13.3 87 356 3.78e19 -1.21 88.89 6.9 15 
1995 
(312) 
20.0 189.1 68 343.5 2.64e19 2.00 94.77 6.9 29.6 
1990 
(288) 
32.0 285.4 84 164 1.43e19 -2.20 92.29 6.7 23 
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CHAPTER 4: COMPARISON OF INTRAPLATE AND 
INTERPLATE OCEANIC STRIKE-SLIP EARTHQUAKES 
NEAR THE SOUTH SANDWICH ISLANDS 
Kasey Aderhold1, Rachel E. Abercrombie1 
1Boston University, Department of Earth & Environment, Boston, MA, 02215, USA 
(kasey@bu.edu) 
 
4.1 INTRODUCTION 
4.1.1 Tectonics of the South Sandwich and Scotia Region 
This area of the Scotia Sea and South Sandwich Islands has a complex history and 
continues to hold some mysteries. From seismic observations, Pelayo and Wiens (1989) 
distinguished three small plates between the South American plate and the Antarctic 
plate: the Shetland Plate (SL), the Scotia Plate (SC) and the Sandwich Plate (SW). Bird 
(2003) went on to digitize and categorize the boundaries of these plates.  The boundary 
between the Antarctic plate and these three small plates is a jagged and complex division, 
with low relative plate motion making it hard to distinguish the type and location of 
major faults along this zone. Most of the oceanic lithosphere in this region is quite young 
as there are multiple active ridges. The South Sandwich Fracture Zone transform offsets 
30 My lithosphere, ending in an active ridge to the east and a subduction zone to the west 
(Müller et al., 2008).  Determining the mechanisms and rupture patterns of large 
earthquakes in this area can help elucidate the patterns in this deforming lithosphere. 
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4.1.2 Earthquakes of the South Sandwich Region 
This study will focus on the largest earthquakes around the Sandwich Plate, all occurring 
in the last decade. Limited station coverage at teleseismic distances in the southern 
hemisphere and the low signal to noise ratio of Pacific Island stations at essential 
azimuths prevents modeling of smaller (MW ≤ 7.0) earthquakes in this study. The largest 
events are the 2 January 2006 MW 7.4, 20 August 2006 MW 7.0, 30 June 2008 MW 7.0, and 
the 15 July 2013 MW 7.3 earthquakes.  The two largest earthquakes both occurred along 
the transform fault bordering the southern extent of the subduction zone.  The 2008 
earthquake was intraplate and ruptured within the subducting oceanic crust 100 km from 
the trench.  The 2006 MW 7.0 earthquake ruptured in the middle of an unclassified plate 
boundary. 
 To have four large magnitude oceanic strike-slip earthquakes within ~7.5 years 
and in the same region affords a good opportunity to investigate the similarities and 
differences between events. Despite the fact that all of these events occurred close 
together, the tectonic diversity of this region allowed each earthquake to have its own 
characteristics.  We are able to compare the interplate transform events to one another, 
and then contrast them with the interplate 2006 earthquake and the intraplate 2008 
earthquake.   
 
4.1.3 Transform earthquake “cycles” and compatible ruptures 
Our modern seismic record [≥1960] is such that we have not captured more than one full 
seismic cycle of a MW ≥ 7.0 oceanic transform earthquake. These events are large and the 
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fault width is thought to be narrow, implying that these events rupture a large portion of 
their associated fault in a single event. Past large events examined have been the MW 7.0 
Romanche, the MW 8.1 Balleny, the MW 7.6 Indian Ocean, the MW 8.1 Macquarie, and 
the MW 7.3 Swan Islands.  While previous large events have been located along the South 
Sandwich Fracture Zone, none were recent enough to be well-recorded to model the 
rupture process of these events.  In this study we investigate two MW ≥ 7.0 earthquakes 
that occurred along the same oceanic transform fault.  Differences in the source structure 
are expected to be minimal, so recordings at similar stations azimuths and distances can 
be compared between the two events.   
 
4.1.4 Largest recent oceanic strike-slip events  
Oceanic strike-slip earthquakes have received a lot of attention in the wake of the largest 
strike-slip earthquake ever recorded, the 11 April 2012 Off-Sumatra MW 8.6 earthquake, 
followed shortly in time by the November 2013 MW 7.8 Scotia Plate earthquake. These 
events are exciting additions to the seismic record as they allow for investigations on the 
rupture process of large earthquakes without the sudden but inevitable widespread 
destruction that typically comes with other large earthquakes in continental strike-slip 
and subduction zone settings. The backprojection technique, enabled by the deployment 
of large-scale seismic arrays, has provided a glimpse into the high-frequency rupture 
process of these large strike-slip earthquakes. This sometimes raised more questions than 
it answered, with the MW 8.6 April earthquake displaying a complex pattern of three-four 
conjugate fault planes (Duputel et al., 2012).  However sometimes backprojection can 
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answer questions, such as illuminating the complementary slip of the two Scotia Plate 
earthquakes. This eliminated the need for a mechanism to re-rupture a portion of fault 
that had not accumulated enough strain (Vallée and Satriano, 2014).   
 
4.2 METHODS 
4.2.1 Point Source Modeling  
We follow the methods of point source and finite fault modeling outlined in Aderhold 
and Abercrombie (2015). Waveforms are obtained from the IRIS DMC for stations 
within 30-90º distance from the NEIC hypocenter of each MW ≥ 7.0 earthquake. P waves 
are handpicked, downsampled to 1 Hz, and modeled using the MT5 program (McCaffrey 
et al., 1991). SH wave arrivals are picked on the horizontal components at first order 
using the TauP travel times then rotated into the transverse component (Crotwell et al., 
1999). The SH waves are modeled using forward calculated synthetics from the best-fit P 
wave mechanism, then repicked and included in the MT5 models at a lower weight to 
compensate for their higher amplitude relative to P waves.  Data is windowed between 40 
and 100 seconds depending on the magnitude of the earthquake and the spurious arrivals 
attributed to structural complexity.  Line source models are run to determine if rupture 
directivity is present before continuing with the finite fault slip inversions.  
The effect of a dipping seafloor is a significant factor for modeling the 
earthquakes near the subduction trench as well as the 2006 earthquake in the deforming 
plate boundary. A resonance of phases reflecting between the sea surface and 
heterogeneous bathymetry of the seafloor obscures the later part of the recorded 
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seismogram by altering the expected relative amplitude, so every attempt is made to 
interpret the correct arriving phases as depth phases pP and sP to determine an accurate 
centroid depth. Water phases are included in the moment tensor modeling, though 
relative amplitude differences from the transform valley and other bathymetric 
differences are not accounted for.  
 
4.2.2 Finite fault inversion methods 
The best-fit mechanism is used to determine the faulting geometry for the finite-fault slip 
inversion, with the conjugate fault planes defined relative to the NEIC hypocenter of each 
earthquake. Large fault geometries are used first to allow the most freedom to fit the data, 
especially at high rupture velocities up to 5 km/s.  When the main slip asperities are 
determined, we test their reliability by first removing low slip fault areas and then 
limiting slip on the high slip fault areas until fit to the data is deprecated significantly.  
Those fault areas that are necessary for fitting the data are considered our well-
constrained solution. Hypocentral depth and sedimentary structure effects are also tested 
depending on the event characteristics. Green’s functions are calculated for a typical 
oceanic crust.  Sediments are much sparser here on this active and young plate, with a 
maximum of just 2 km and only near the subduction trench where the accretionary prism 
is formed (Divins, 2003). A source structure that included a sedimentary layer was tested, 
but all of the earthquakes were centered in areas with less than 1 km of sediment and the 
effect of a layer that thin is minimal on body waves in our models.  
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4.3 RESULTS 
4.3.1 The 2 January 2006 MW 7.4 earthquake 
This was the largest strike-slip earthquake to occur in the South Sandwich Islands region 
and it ruptured along the South Sandwich Fracture Zone.  The gCMT centroid and NEIC 
hypocenter are separated by 35 km and both are near the deepest part of the transform 
valley where water depth is upwards of 6 km.  This earthquake had no foreshocks and 
only two aftershocks within 200 km and 30 days. One aftershock occurred right at the 
ridge axis to the east of the earthquake, and one occurred ~100 km to the west of the 
mainshock hypocenter. A small magnitude [MW 5.3] thrust earthquake occurred near the 
subduction trench in the week prior to this main shock, but the large separation in 
distance [≥ 200 km] and time [≥ 7 days] makes it unlikely that these two earthquakes are 
related.   
 On the eastern end of the transform where this earthquake initiated, the maximum 
age offset is 0 to 20 My (Müller et al., 2008). Assuming this event occurred on the 
transform itself, rupture was sustained on a section of the transform where the age offset 
was between 5-15 My. The fossilized fractures to the south change from transform-
parallel E-W near the ridge to NW-SE trending further from the transform (Matthews et 
al., 2011). To the north of the transform the fractures also bend to a NW-SE orientation 
before reaching the trench.  The orientation of these bathymetric features shows the 
significant deformation the Sandwich Plate has undergone in at least the last 60 My.   
 The large magnitude of this event enables a good distribution of teleseismic 
stations, even in the southeast quadrant where the signal is able to rise above the noisy 
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Pacific Island stations are located.  The P and SH waves both show evidence of shallow 
slip [≤ 20 km] with two subevents separated by about 15 seconds.  The waveforms are fit 
well with a steeply dipping strike-slip mechanism with one fault plane within 2º of direct 
north.  The other fault plane strikes with the oceanic transform fault this event likely 
ruptured.  A line source with a rupture velocity of 2 km/s at an azimuth of 269º improves 
the fit by more than 2% variance reduction.  This requires a long duration of ~45 seconds 
in order to fit the second, smaller subevent. This is confirmed by the gCMT centroid 
minus hypocenter time of 14.1 s, where an event of this magnitude would be expected to 
have a half duration of 11.7 s. 
 We allow a better fit to the recordings of this event by modeling rupture on a fault 
plane.  We start with the largest geometry to test high rupture velocities and to allow the 
long duration of the event to play out.  A fault plane of that is 400 km long and 50 km 
wide, with the hypocenter in the middle along strike and at 15 km depth, results in slip 
rupturing several patches along strike from the seafloor to 50 km depth.  The “streaky” 
nature of this result implies that the resolution of the seismograms is dominantly along-
strike instead of along-dip. Since the point source modeling fit better with a shallow 
centroid, we try limiting the rupture to 21 km.  Minimal decreases in variance results, so 
we continue the rest of the modeling at this more reasonable fault width.   
 Allowing the full 400 km length of fault to rupture for the 2006 transform 
earthquake results in slip on both sides of the hypocenter, with the largest asperity 
centered ~20-40 km to the west, depending on a rupture velocity of 2-3 km/s, and several 
smaller slip asperities on each side.  The smaller asperities appear to be mirrored on each 
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side of the hypocenter, with the eastern side slightly weaker than the western side.  Since 
slip is located primarily based on timing, slip sometimes becomes mirrored with a 
subevent mapped to the two subfaults that correspond to the correct time delay from the 
hypocenter and this “ghosting” effect occurs.  Usually one of the two subfaults fits the 
data better, and more slip is placed there as a result.  Limiting the slip in one direction 
from the hypocenter can determine if the symmetrical bilateral slip is real.  In this case 
we limited the slip to only 40 km to the east, and more slip was added to the asperities on 
the west side. There was minimal reduction in fit to the data, and this new fault geometry 
results in a best fit at a rupture velocity of 3 km/s. The largest slip occurs in a cohesive 
area from 15-60 km to the west of the hypocenter, with two other slip areas beginning 
around 100 km and 130 km. 
 To test how well we can resolve the unilateral slip, we limit the fault to rupture 
only unilaterally from the hypocenter to the east and to the west and compare the 
resulting fit to the P waves.  Limiting the slip to only the east results in a decline in fit of 
~20%, whereas limiting the slip to only the west has a very minimal impact on the fit.   
 
4.3.2 The 15 July 2013 MW 7.3 earthquake 
As the most recent earthquake, the 2013 earthquake is also the best recorded benefitting 
from many new seismic stations in the southern hemisphere.  The hypocenter of this 
earthquake is on the western end of the transform near to where it joins the subduction 
trench.  The gCMT centroid is displaced ~90 km to the east of the NEIC hypocenter; this 
is above the reported location errors [±	 17.1 km] and implies resolvable rupture 
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directivity to the east.  The only recorded aftershocks of this earthquake were thrust and 
strike-slip earthquakes along the subduction trench. The largest “aftershock” of this 
earthquake was the MW 6.3 event that occurred over 200 km to the north of the 
hypocenter, and within 100 km of the 2008 MW 7.0 centroid. One of the fault planes of 
the gCMT mechanism of this event appears to follow the trend of the subducting fracture 
zone, so it is possible that the 2013 earthquake triggered intraplate rupture at the 
subduction trench.   
 The maximum age offset of this transform is 0 to 30 My where it meets the 
trench. The 2013 earthquake initiated in this area of maximum age difference, with the 
gCMT centroid further to the east where the offset is less at a differential of about 15 My.   
The 2013 transform earthquake has evidence for a long duration rupture with at 
least two subevents.  The gCMT centoird minus hypocenter time of is 27.2 s, which is 
more than twice the expected half duration of 11.3 s. This means that the earthquake 
likely ruptured for twice as long as any usual earthquake of a magnitude 7.3.  The energy 
solution from USGS mentioned that this was a complex event that required at least one 
event 5 seconds after the initial onset.  The SCARDEC solution for this earthquake has a 
realtively shallow depth of 0 to 15 km, and two subevents over a rupture duration of ~75 
seconds.  Some of the stations are not well-fit such as the SH waves of SPB SH (327º).  
The USGS rapid finite fault model shows bilateral rupture along an E-W plane but fits to 
the data are not ideal either, particularly with the incorrect high amplitude first motion P 
waves on western stations and the second peaks in most of the SH waves.   
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The finite fault model of this earthquake showed a clear improvement in fit of 
synthetics to the recorded data when rupture was occurring along the transform rather 
than the conjugate fault place, which is expected.  Significant directivity is also observed 
for this event, with rupture initating by the ridge and traveling eastward with two large 
slip asperities centered about 30 and 120 km from the hypocenter.  If rupture is limited to 
be unilateral to the west, only one main slip asperity is used to fit the data with high slip 
between 25-55 km from the hypocenter. However westward rupture decreases the fit to 
the data by 34%.  Unilateral slip to the east declines the fit by less than 5%. In both 
unilateral models, an additional small asperity of high slip is located very near the 
hypocenter but no further slip is resolvable past 10 km to the west of the hypocenter. 
 
4.3.3 The 30 June 2008 MW 7.0 earthquake 
The 2008 earthquake occurred in the South America plate about 100 km before it begins 
subducting under the Sandwich Plate at the trench.  The gCMT centroid and NEIC 
hypocenter both lie between two mapped fracture zones along with most of the 
aftershock distribution (Mathews et al., 2008).  This earthquake had no foreshocks, but 
did have 9 aftershocks within 200 km and 30 days, 8 of these within 50 km of the NEIC 
hypocenter.  Magnitudes ranged from mb 5.6 to 4.5. Four of these aftershocks were large 
enough to be included in the gCMT catalog, one occurring just hours later, two in the 
following day, and one within a week of the mainshock. All centroids are within 50 km 
of the NEIC mainshock hypocenter, and all are strike-slip mechanisms with a significant 
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non-double couple component and varying dips probably due to the bending of the 
oceanic structures as the plate enters the trench.   
 The age of the lithosphere that this earthquake ruptured in is between 30-45 My 
with the widest range for NW-SE slip along or adjacent to the fossilized fracture and a 
much smaller range for slip on a NE-SW trending fault orthogonal to the fracture. 
 Both of the conjugate faults planes of the best-fit focal mechanism are modeled to 
see if there is any improvement of fit with a more complex source.  The NE-SW fault 
plane performs better at all rupture velocities, with a peak in fit at 1 and 4 km/s.  Since 
very little slip is on the NE side of the fault, we reduce the fault to rupture unilaterally NE 
and unilaterally SW and compare the resulting fit to the P seismograms.  Variance 
reduction declines by nearly 30% when limiting the fault to rupture only northeast, 
compared with a decline of only 6% when limiting it to rupture only southwest.  There is 
resolvable slip to the southwest, evidence for some slip around the hypocenter, and no 
resolvable slip to the northeast of the hypocenter. 
 
4.3.4 The 20 August 2006 MW 7.0 earthquake 
The 2006 earthquake occurred further from the deforming trench than the other large 
magnitude earthquakes.  The NEIC hypocenter and gCMT centroid lie on the far eastern 
endpoint of a mapped strike-slip plate boundary (Bird, 2003) where it joins an orthogonal 
unclassified plate boundary.  This earthquake had no foreshocks associated with it, but 
did have a small and compact aftershock sequence of 9 events within 50 km of the 
mainshock hypocenter.  The trend of the sequence appears to be along the NE-SW 
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boundary, however location errors are not small enough to resolve this behavior.  Four of 
these aftershocks were large enough to calculate gCMT moment tensors, with one 
occurring within hours of the mainshock followed by two in the next two days and one 
more two weeks later.  All have a similar strike-slip mechanism to the mainshock, but it 
is unclear which of the two conjugate fault planes hosted the rupture. 
This earthquake was located in the middle of a recent survey using multichannel 
seismic profiles, magnetic, gravity and swatch bathymetry data to characterize the 
deformation (Galindo-Zaldívar et al., 2002). The centroid was between Discovery Bank 
to the west and Herdman Bank to the east.  Faults were discovered in the area that may 
correspond to the mechanism of the 2006 earthquake, and based on the survey data and 
past recorded seismicity Galindo-Zaldívar et al., (2002) concluded that this plate 
boundary is a combination of high angle normal faulting and transform faults within the 
continental crust. Since quartz is weaker than olivine, Galindo-Zaldívar et al., (2002) 
proposed that deformation would occur in the continental plate rather than the boundary 
between continental lithosphere and oceanic lithosphere.   
The modeling of this earthquake was difficult due to very large amplitude water 
phases in the northeastern stations, Figure 1.4.  There is thought to be some source 
complexity as the SH waves also show a later phase, however the ringing nature of these 
late P phases look too repetitive and regular to be part of the source. Slip was best fit at 
shallow centroid depths (≤ 15km).  The rupture duration of this event is ~45 seconds, 
however the third subevent at 25 seconds appears to be fitting a water phase.  This is 
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corroborated by the gCMT centroid minus hypocenter time of 8.8 s, and an expected half 
duration of 7.6 s implying that the rupture duration was not unusually long or short. 
 
4.5 DISCUSSION AND CONCLUSIONS 
4.5.1 Depth of seismic rupture 
The centroid depths of these events are all shallow, which is expected for the young [My 
≤ 40] lithosphere they occurred in.  The hypocentral depth of the 2013 transform 
earthquake produces a better fit when set to 15 km over 7.5 km, so we do have some 
constraints. Depth constraints need to be tested further on the finite fault models to 
determine what can be resolved. 
 
4.5.2 Centroid relative to hypocenter 
The 2013 and 2006 NEIC hypocenters are nearly exactly 200 km apart. Their gCMT 
centroids are only 114 km apart.  Both events favor rupture velocities of 3 km/s, and both 
show convincing unilateral directivity. The 2013 prefers an eastward rupture, with two 
subevents from 0-50 km and from 100-150 km.  The 2006 transform earthquake prefers 
westward rupture, with a major subevent from 15-60 km and a minor one at 100-125 km.  
When these two best-fit finite fault models are overlain to line up in space, the ruptures 
appear complementary. Increasing the rupture velocity to 4 km/s for each earthquake 
results in their second subevents overlapping. The best fit to the data is achieved with 
rupture velocities of 3 km/s, and we believe a complementary slip pattern is consistent 
with previous observations (Ye et al., 2014). 
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The centroid delay time can distinguish earthquakes with unusual source 
properties, with longer than average centroid time delays relative to predicted rupture 
durations implying rupture over elongated faults events like oceanic transform fault 
earthquakes and shorter than average centroid time delays implying either conjugate or 
compact, high stress drop rupture (Duputel et al., 2013).  This holds true in this study site, 
with the 2013 and 2006 transform fault earthquakes both showing unusually long 
centroid delays times, and the 2008 intraplate earthquake showing an unusually short 
centroid delay time.  
 
4.5.3 Aftershock Productivity 
The South Sandwich region has a high magnitude-completeness due to limited 
station coverage in the southern hemisphere and the abundance of ocean noise at island 
stations. An assessment of global magnitude completeness and its uncertainty was done 
for both the Harvard CMT catalog (now known as the gCMT catalog) and International 
Seismological Centre (ISC) for shallow earthquakes (event depth ≤ 70 km) between 
1980-2002. This showed that the South Sandwich Island area has a completeness of MW 
5.5 [± 0.15] for the Harvard CMT catalog and the ISC is complete down to MW 4.8 [± 
0.1] (Woessner and Wiemer, 2005). With station coverage improving since 2002, the 
gCMT catalog should still be complete to MW 5.5.  Assuming the typical 1.2 unit Båth 
average for continental strike slip earthquakes, we would expect the largest aftershock for 
these earthquakes to be around MW 5.8 to 6.2 (Båth, 1965; Felzer et al., 2002). 
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 The 2006 transform earthquake had a paltry two earthquakes of mb 4.8 and mb 4.6 
within 200 km and 30 days, an incredible lack of a response from a MW 7.4 earthquake.  
The next largest, 2013 MW 7.3, was also on the transform and managed to spark a MW 5.1 
thrust event on the southern crease of the subduction trench, three other thrust events of 
mb 4.4-4.7 likely on the subduction interface judging by their NEIC depths, as well as a 
MW 4.9 strike-slip in the same area.  This is still well below the expected productivity for 
an earthquake this size. This event may have triggered the MW 6.3 intraplate earthquake 
to north, however we are unable to provide a mechanism to explain it. The temporal 
delay [11 days] is extraordinarily long for dynamic triggering and the physical distance 
[326 km] is too large for static triggering. We therefore leave it unattributed as an 
aftershock of the 2013 MW 7.3 earthquake. These two transform earthquakes are both at 
least a full magnitude unit lower than the Båth’s average. This is similar to behavior seen 
on other oceanic transforms (Boettcher and Jordan, 2004) and supports that these faults 
have a component of aseismic loading. 
The 2008 MW 7.0 earthquake produced 8 aftershocks with the largest a MW 5.6 
and the 2006 MW 7.0 earthquake produced 9 aftershocks with the largest a MW 5.8. These 
two earthquakes are both consistent, or close to being consistent, with the expected MW 
5.8 largest aftershock.  Since one represents intraplate rupture and one represents rupture 
along what is likely complex faulting at a continent-oceanic boundary, we conclude that 
these events are driven by a more typical tectonic loading. This is especially important to 
note for the 2006 earthquake as we know so little of this segment of the plate boundary 
and how it accommodates deformation.    
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The spreading rate between the South American plate and the Antarctica plate 
along the South Sandwich transform fault is ~14 mm/yr (NEIC), and assuming a steady 
plate rate implies about 10 cm of strain accumulated in the time between the 2006 and 
2013 earthquakes. If we assume that the 2006 earthquake released all the strain in its slip 
asperities where over 10 meters of slip occurred, a trifling 10 cm of accumulated strain 
would not sustain the main slip of the 2013 earthquake with an average of 5 meters. It is 
not likely that the same segments of fault would exhibit such large slip in both 
earthquakes with so little accumulated strain, and so we support our complementary slip 
models with a rupture velocity of 3 km/s that provides the best fit to the recorded 
seismograms.   
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4.6 SUPPLEMENTARY INFORMATION 
4.6.1 Figures 
 
 
Figure 4.1. gCMT mechanisms for the 2013 MW 7.3 (yellow) and 2008 MW 7.0 
(black) mainshocks and seismicity 30 days after each event. White star is the 2013 
hypocenter.  White dashed lines are fracture zones (Matthews et al., 2011). Black lines 
are plate boundaries (Bird, 2003).   
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Figure 4.2. Lithospheric age (top), bathymetry (middle) and sediment thickness 
(bottom) for the study area. 
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Figure 4.3. Point source model for 2013 MW 7.3 earthquake. 
13196B1C  09-16-2014 GDLPx5 GDLSx1  187/86/179/29/1.649E20
VR3-90 59%
 .
32
6d
0 140s
0 80s STF
AC
O
Y
C
 
A
d
B
T
R
Q
A
 
B
d C
S
P
B
 
 
C
d
D
V
N
D
A
 
D
d
E CR
Z
F
*
E
d
F
C
A
S
Y
*
F
d
G
T
S
U
M
 
G
d
H
A
S
C
N
 
H
d
I
R
C
B
R
 
I
d
J
R
E
R
 
*
J
d
K
M
P
G
 
 
K
d
L
M
B
A
R
 
L
d
M
S
A
C
V
 
M
d
N
S
D
V
 
 
N
d
O
N
W
A
O
*
O
d
P
F
U
R
I
 
P
d
Q
T
A
M
 
 
Q
d
1.
63
3d
A
A
T
D
 
*
A
d
B
T
A
O
E
*
B
d
C
P
I
N
N
*
C
d
D
M
C
Q
 
*
D
d
E
N
I
U
E
*
E
d
F
B
O
S
A
*
F
d
G
C
A
N
 
*
G
d
H
C
M
S
A
*
H
d
IC
O
Y
C
*
I
d
J
C
P
U
P
*
J
d
K CR
Z
F
*
K
d
L
D
B
I
C
*
L
d
M
F
D
F
 
*
M
d
N
H
E
L
 
*
N
d
O
K
M
B
L
*
O
d
P
M
A
C
I
*
P
d
Q
N
F
K
 
*
Q
d
R
P
E
L
 
*
R
d
S
R
E
R
 
*
S
dT
S
P
B
 
*
T
d
U
T
A
M
 
*
U
d
V
V
N
D
A
*
V
d
116 
 
 
 
Figure 4.4. Point source model for 2006 MW 7.4 earthquake. 
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Figure 4.5. Point source model for 2008 MW 7.0 earthquake. 
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Figure 4.6. Point source model for 2006 MW 7.0 earthquake. 
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Figure 4.7. Variance reduction for 2013 MW 7.3 earthquake. This earthquake 
preferred a deeper hypocenter at 15 km over 7.5 km and a rupture velocity of 3km/s 
regardless of hypocenter depth. 
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Figure 4.8 Finite fault model for 2013 MW 7.3 earthquake. VR 3km/s. 
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Figure 4.9. Variance reduction for 2006 MW 7.4 earthquake. This earthquake 
preferred a rupture velocity of 3km/s with the smaller more constrained fault plane. 
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Figure 4.10 Finite fault model for 2006 MW 7.4 earthquake. VR 3km/s. 
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Figure 4.11 Finite fault models of 2013 and 2006 transform earthquakes. 
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4.6.2 Tables 
Table 4.1 South Sandwich Island earthquake source parameters. Depths are reported 
from the seafloor. 
 Global CMT NEIC This 
Study 
Date Magnitude 
(MW) 
Lat/Lon Depth Lat/Lon Depth Depth 
1/2/2006 7.4 -61.12/-
21.39 
20.2 -60.96/-21.61 13 10 
8/20/2006 7.0 -61.27/-
34.52 
17.2 -61.03/-34.37 13 8 
6/30/2008 7.0 -58.33/-
21.77 
26 -58.23/-22.1 8 8 
7/15/2013 7.3 -61.05/-
23.51 
21.5 -60.868/-
25.144 
31 25 
       
7/26/2013 6.3 -58.12/-
23.51 
17.4 -57.915/-
23.841 
13 - 
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CHAPTER 5: A LARGE (MW ≥ 7.0) REPEATING 
EARTHQUAKE ON THE CHARLIE-GIBBS TRANSFORM   
Kasey Aderhold1, Rachel E. Abercrombie1 
1Boston University, Department of Earth & Environment, Boston, MA, 02215, USA 
(kasey@bu.edu) 
 
5.1 INTRODUCTION 
On 13 February 2015 a MW 7.1 strike-slip earthquake occurred on the Charlie-Gibbs 
transform in the north Atlantic. It is the first major Mid-Atlantic earthquake since the 
1994 MW 7.0 Romanche transform fault earthquake over 20 years ago. Only 4 major (MW 
≥ 7.0) earthquakes, all with strike-slip mechanisms, have occurred along the Mid-Atlantic 
Ridge since 1976. The 2015 earthquake is the seventh M ≥ 6.25 earthquake to occur on 
the northern transform of the Charlie-Gibbs spanning a seismic record of nearly a century 
(Table 1).  The most recent of these previous earthquakes was the 1998 MW 6.7 with an 
NEIC hypocenter ~120 km to the west of the 2015 earthquake.  One large earthquake 
occurred near each of these two hypocenters, with a MW 6.9 rupturing near the 2015 
hypocenter in 1974 and a MW 7.0 initiated near the 1998 hypocenter in 1967.  Precursors 
were observed for both the 1974 and the 1967 events. Three more earthquakes occurred 
in this area, with one M ≥ 6.25 earthquake in 1941 near the 1998 hypocenter and two M ≥ 
6.25 in 1954 and 1923 near the 2015 hypocenter.  Here I describe the context of the 2015 
earthquake in terms of fault structure and historic seismicity, then I model the 1998 and 
2015 earthquakes to determine source parameters that will show what areas of this 
transform are able to support seismic rupture. Observations can be compared to the high 
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resolution but temporary ocean bottom seismometer studies along other transforms with 
faster plate velocities. Determining what controls initation and propogation of seismic 
rupture is important for understanding strike-slip faulting behavior, both in the oceans as 
well as along well-known continental faults like the San Andreas. 
 
5.1.1 Fault Structure 
The Charlie-Gibbs transform comprises two parallel transforms separated by a north-
south oriented spreading center at ~31.7ºW (Fleming et al., 1970; Vogt and Avery, 1974; 
Lilwall and Kirk, 1985). The northern transform is longer [195 km] than the southern 
[110 km] (Burr and Solomon, 1978) and is bounded on each side by active spreading 
ridges at [52.74º/34.70º and 52.56º/31.69º] (Bergman and Solomon, 1988). The age offset 
of the northern transform is 22 My (Bergman and Solomon, 1988). Searle (1981) used a 
geophysical survey to survey the fault and determined that the northern transform fault 
does not always follow the deepest part of the transform valley, instead tracing the fault 
several kilometers to the north or south of the ~2 km wide valley. A dilatational jog was 
also identified (Sibson, 1986), delineating fault segments with a strike difference of ~2º 
from about 91º on the west and 93º on the east (Bergman and Soloman, 1988).  
The northern segment has a significant amount of sediment obscuring the smaller 
scale bathymetric features, probably coming from the Norwegian Sea overflow water 
(Whittaker et al., 2013). A minor transform was identified by Searle (1981) from 
33º16’W to 32º10’W, with the different curvatures of the fault scarps in this area as 
evidence. The projection of this transform intersects a ridge at 33º26’. Another transform 
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was also identified at 52º58’ 33º08’ to 33º16’, not seen past 34º30’. Without higher 
resolution bathymetry the exact character of these bathymetric features cannot be 
confirmed, but this evidence of structural complexity may divide the northern transform 
into two segments. We will refer to these as the eastern and western segments of the 
Charlie-Gibbs transform in this paper.   
 
5.1.2 Previous seismicity 
The northern Charlie-Gibbs transform fault is active and has been ruptured by a number 
of large M≥6.25 earthquakes over the past 100 years. Smaller magnitude earthquakes 
from the NEIC catalog between 1976 and 2015 show a concentration of events around 
the end points of both segments of the Charlie-Gibbs transform, where the transform 
intersects the spreading ridge, Figure 5.1. There are very few small magnitude 
earthquakes in the center of the transform relative to the active ridge end points. Outside 
of the 1998 and 2015 fore- and aftershock sequences, only 11 events occurred within a 
100 km center segment of the transform from -34.5ºE and -32.5ºE, with the largest a mb 
4.7 in 2014.   
 
5.1.3 Repeating earthquakes on the Charlie-Gibbs fault 
Records of large earthquakes on this fault go back to the 1920s due to good 
historic station coverage in both Europe and North America, Table 1. They show a 
repeating pattern alternating between ruptures on the west and east segments at relatively 
regular intervals. Errors of these earthquake hypocenters are expected to be on the order 
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of 10-15 km in latitude, and perhaps even higher for events prior to 1960, mostly drawn 
northward to the abundance of seismic stations in the northern hemisphere. Bias in 
longitude is expected to be less [~5 km] due to a relatively even station distribution on 
either side of the Atlantic (Bergman and Solomon, 1988). Uncertainty on top of the bias 
in location is larger, upwards of the 6.8 km in horizontal location error reported for the 
most recent 2015 earthquake. With this in mind, I assume that all of these events 
occurred on the transform.  
Earthquake location errors are small enough to resolve that the M ≥ 6.25 events 
form two distinct groups of quasi-repeating earthquakes. Earthquakes are sorted in the 
two sequences based on overlapping ruptures of ~60-80 km within the groups and non-
overlapping rupture between the groups.  
All event hypocenters in one group are at least 100 km apart from all events in the 
other group with an average separation of 130 km.  All three earthquakes in the west 
group are within at least 40 km of one another with the average separation of 35 km.  All 
four events in the east group are within 50 km of one another with an average separation 
of 24 km.  Not including the 1923 event, which is likely to have been mislocated due to 
poorer station coverage, brings this down to an average separation of 13 km.   
The 1967 earthquake had a precursor only several seconds before and 15-20 km 
west of the main shock, with the mainshock rupture initating near the location of the 
precursor before rupturing to the east (Kanamori and Stewart, 1976; Bergman and 
Solomon, 1988). The 1974 earthquake had a mb 5.0 foreshock only minutes before the 
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mainshock, along with a precursory signal only a few seconds before which Bergman and 
Solomon (1988) located less than 30 km to the east of the mainshock. 
The duration of time between the events in the east group is an average of 31 
years, and the average in the west group is 29 years.  These are quite similar and 
consistent with the larger segment having a slightly longer repeat time (Boettcher and 
McGuire, 2009).  This could mean that the earthquake sequences are fully separated on 
this transform and just happen to be at a complementary timing relative to one another, 
one that would eventually reduce in difference until events were occurring at nearly the 
same interval before returning to being offset.  Alternatively, these earthquake sequences 
could be influencing one another by imparting a static stress field on the adjacent 
segment across the possible rupture barrier, encouraging slip to occur.   
 
5.2 THE 1998 MW 6.8 EARTHQUAKE 
The 1998 earthquake had well-recorded fore- and aftershock sequence relative to most 
oceanic transform fault earthquakes, with the good station coverage allowing for even 
small magnitude [M ≤ 4.0] events to be captured. Most of the seismicity occurred either 
to the east or very near the mainshock. Five days before the mainshock there were two 
foreshocks, both of mb 4.0 with one ~50 km to the east and, two hours later, one ~100 km 
to the east and south. Two days before the mainshock a series of four earthquakes 
occurred ~50 km to the east of the mainshock between MW 5.4 and mb 4.1 in a seven hour 
period. This cluster of foreshocks was in close proximity to the gCMT centroid of the 
2015 MW 7.1 Charlie-Gibbs earthquake. The closest foreshock, both in time and location, 
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was a MW 5.5 earthquake just to the west of the mainshock and occurring 10 hours before. 
This event only had two recorded aftershocks, both within a day and both of a magnitude 
mb 4.2 and both slightly to the west of the mainshock hypocenter.   
We calculate point source focal mechanisms for the 1998 MW 6.8 earthquakes 
following similiar techniques as described in Chapters 2-4.  The velocity structure 
consists of a 4 km of water [Vp 1 km/s] and a 7 km crust [Vp 6.5 km/s] overlying oceanic 
mantle [Vp 8.1 km/s]. The seismograms are obtained through IRIS, and then are corrected 
for instrument and downsampled. The length of the recorded seismogram lengths used 
are 60 seconds from the initial arrival, with SH waves downweighted to account for their 
larger amplitude relative to P waves.   
This earthquake’s NEIC hypocenter and gCMT centroid were within 25 km of 
each other, so rupture directivity is not resolvable from these alone. The combined error 
between the gCMT catalog centroid locations and the ISC hypocenter locations is ~ 25 
km even for large earthquakes, therefore this difference is in the noise of the locations 
(Smith and Ekström, 1997). 
Point source modeling of this event determines a focal mechanism consistent with 
the strike of the Charlie-Gibbs transform fault trace on the seafloor and nearly vertical 
dip.  The centroid depth of this event is constrained to be shallower than 11 km but there 
are no differences in fit to the data between 0 and 11 km, Figure 5.3.  This depth is near 
the mantle-crustal interface at 7 km. Crossing through this interface with fixed centroid 
depths can cause the mechanism to become unstable and divert wildly from the best-fit 
mechanism.  
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5.3 THE 2015 MW 7.1 CHARLIE-GIBBS EARTHQUAKE 
The 2015 earthquake was preceded by two foreshocks to the east and had four 
aftershocks to the west.  The first foreshock was a mb 5.3 that occurred 11 minutes before 
the mainshock with a depth of 18 km and the second was a mb 4.9 just over a minute 
before the mainshock with a depth of 10 km. The mainshock itself had an NEIC 
hypocenter of 16.4 km depth, with a gCMT centroid of 23.6 km depth and located a little 
over 50 km to the west along the northern Charlie-Gibbs fracture zone.  The aftershock 
sequence of this earthquake was not extensive and occurred only to the west, beginning 
with a mb 5.2 earthquake a half hour later and a mb 4.7 two hours after, both west of the 
hypocenter.  More than a day later a mb 4.7 earthquake occurred 100 km from the 
mainshock hypocenter, and very near the centroid of the 1998 earthquake.  Four and 
hours later a mb 4.6 occurred next to the first two aftershocks. 
A preliminary backprojection of the Transportable Array (TA) in the United 
States shows three subevents of slip, a small beginning to the far east of the northern 
segment of the Charlie-Gibbs transform progressing to the largest slip occurring in the 
middle of the transform and tapering off into a small final slip (Trabant et al., 2012).  
This progression of slip produces a source time functions of approximately 40 seconds 
with slip along a segment ~200 km long, which would imply a rupture velocity of ~5 
km/s.  
We performed point source modeling following the same procedure for the 1998 
earthquake and using the same velocity structure as described previously. Point source 
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modeling of this earthquake determines a mechanism consistent with the Charlie-Gibbs 
transform fault and very similar to that of the 1998 earthquake. Both have a strike 
consistent with the orientation of the Charlie-Gibbs fracture zone as determined by the 
bathymetric low of the transform valley, and both mechanisms have steep dips of 85º or 
more. The 1998 earthquake has no clear minimum in best-fit centroid depth, with similar 
variance for fixed depths from 2 to 11 km implying that slip could occur through the 
oceanic crust, Figure 5.3.  The centroid depth for the 2015 earthquake is at 12.2 km with 
a clear minimum to constrain most of its slip deeper and below the crust, Figure 5.5.   
 
5.3.1 Finite Fault Modeling of the 2015 Earthquake 
The 2015 earthquake is large enough to resolve directivity, with evidence from the large 
difference in NEIC hypocenter and gCMT centroid locations [~60 km] that is well above 
the combined error of these locations [~25 km] (Smith and Ekström, 1997). We first used 
a fault geometry extending the full length of the northern Charlie-Gibbs transform and 
part of the eastern fracture zone. This initial fault was 50 km to the east, 250 km to the 
west and 50 km wide and divided into subfault segments of 3 km along strike by 2 km in 
depth. We tested rupture velocities of 1-5 km/s and hypocenter depths of 10-15 km with 
this largest fault geometry. This was done first with only P waves included in the 
inversion to calculate optimal picks for SH waves for each rupture velocity. Once ideal 
delays were established, SH waves were downweighted and included in the inversion. All 
significant slip was to the west of the hypocenter and a hypocenter of 10 km showed 
slight improvement in fit over 15 km.   
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To investigate how well constrained our model is, and which slip is required to fit 
the data, we gradually reduce the size of the fault plane until the fit is reduced 
significantly. We reduce the fault extent to only include the areas that hosted slip, 
primarily by reducing the width to less than 30 km and the length to 150 km. We ran 
models with this geometry for all rupture velocities from 1 to 7 km/s. The fit to data was 
good for rupture velocities up to 4 km/s, where fit dropped off significantly. No 
significant slip was required east of the hypocenter, so we reduced the fault further to a 
length of 125 km, limiting slip only to the west of the hypocenter, and a width of 22 km. 
Once again the fit was good up to a rupture velocity of 4 km/s where it dropped off more 
steeply than models with the larger fault.  Reducing the fault width further to only allow 
slip from the seafloor to 10 km depth only affected the fastest rupture velocities over 4 
km/s as well. Quantitative fits may be nearly identical between the fault width of 22 km 
and 10 km, however we see a slight worsening in fit to P waves stations KIV and COLA. 
Fit is more influenced by the rupture velocity than fault width, giving us higher resolution 
in the along-strike direction than down-dip.  
Limiting the slip to occur on the conjugate fault plane resulted in a decrease in 
variance reduction over 5% for all rupture velocities, and a significantly worse fit to the 
data. We use this as evidence that this earthquake did occur on the transform and that our 
teleseismic body wave modeling is enough to distinguish the fault plane. We tested the 
resolution of the directivity of rupture along the transform fault by comparing models 
only including the P waves, as our SH picks depend on the rupture velocity used to 
calculate the synthetics for aligning. Limiting the rupture to propagate at a rupture 
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velocity of 3 km/s unilaterally eastward from the hypocenter rather than the preferred 
unilateral westward rupture resulted in a decrease in variance reduction of over 20%. The 
directivity of this earthquake is evident in the P and SH waves, with rupture propagating 
from near the ridge towards the middle of the transform.   
 We do not believe directivity is resolvable in the 1998 earthquake due to the 
relatively small magnitude of this earthquake, the short distance between the NEIC 
hypocenter and gCMT centroid [≤ 10 km], and the excellent fit to the SH waves using a 
simple point source. 
 
5.4 DISCUSSION AND CONCLUSIONS 
Our finite fault inversions show that rupture during the 2015 earthquake could have been 
from 1 km/s up to 4 km/s but anything higher resulted in a much poorer fit to the data. At 
this high rupture velocity the along-strike rupture patches are at 20-50 km and 90-100 km 
to the west of the NEIC hypocenter.  
A long rupture duration for the 2015 earthquake is supported by the gCMT 
centroid minus hypocenter time [15.2 s] relative to the predicted half-duration of an event 
this size [8.3 s].  The 1998 earthquake and its MW 5.4 foreshock show a similar long 
duration with a centroid minus hypocenter time of and predicted half duration of 7.5/5.7 s 
and 2.8/1.2 s respectively; the difference may be smaller in part due to their smaller 
magnitude. Duputel et al. (2013) showed that the difference between these two values is 
able to distinguish unusual events, with oceanic transform earthquakes standing out as a 
class of events with abnormally long time delays. Large positive time delays are 
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incompatible with a slow precursor to these types of events, and this matches with our 
observations on the Charlie-Gibbs transform.     
 Long duration ruptures were also observed by Kanamori and Stewart (1976) for 
the 1967 and 1974 earthquakes along a fault length of 60-80 km for each event, which is 
both longer and slower than other earthquakes of a similar magnitude. Precursory signals 
were identified for both of these earthquakes, occurring within 6-7 seconds of the 1967 
earthquake and within 8-9 minutes of the 1974 earthquake. Because of their smaller 
relative amplitude to the large mainshocks, they were not picked as the beginning of 
these events. Assuming the three other earthquakes in 1923, 1941, and 1954 ruptured for 
similar lengths, Kanamori and Stewart (1976) proposed that the full extent of the fracture 
zone [350 km] had been ruptured assuming a seismogenic width of at least 10 km.  
However more recent high resolution studies of individual oceanic transform faults has 
revealed that fault segmentation, repeating ruptures, and aseismic slip may be playing 
roles in the seismic behavior of the Charlie-Gibbs transform fault. 
The forecastability of oceanic strike-slip earthquakes has been a favorable 
attribute for studying foreshock-mainshock-aftershock sequences, particularly a recent 
ocean bottom seismometer deployment along the Gofar transform fault (McGuire et al., 
2012). Much of this regular behavior appears to stem from the segmentation of an 
oceanic transform into pieces of fault that repeatedly rupture in similar, characteristic 
earthquakes. The segmentation coincides with both large scale (≥ 1km) and small scale 
structural differences along the strike of the transform that act as barriers to rupture, 
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effectively stopping larger throughgoing earthquakes (Sykes and Ekström, 2012; 
McGuire et al., 2012; Wolfson-Schwehr et al., 2014). 
Fault geometry is an important factor in rupture length for strike-slip earthquakes, 
with step-overs of 0.5-4 km terminating rupture on both continental faults (Wesnousky, 
2006; Harris and Day, 1999) and oceanic faults (Wolfson-Schwehr et al., 2014; Froment 
et al., 2014). On the Discovery fault step-overs were an effective barrier to rupture, but 
not the only barrier. Distinct rupture patches were found to be along sections of fault with 
no large step-overs, implying that these were not the only causes of rupture 
semgementation.  Along-strike differences in fracturing were proposed as a mechanism to 
terminate rupture, with increased porosity enhancing dilatational strength during a 
rupture.  This is supported by observations of a lower P-wave velocity in the foreshock 
zone on the Gofar transform (McGuire et al., 2012; Roland et al., 2012) and observations 
of dilatational step-overs along continental strike-slip faults (Wesnousky, 2006) 
Segmentation of oceanic transform faults via rupture barriers has been observed 
on the Gofar transform fault with large variation of seismic coupling along strike 
(McGuire et al., 2012). This can be compared to the variation in seismic coupling along 
the continental San Andreas strike slip fault, where portions are locked, creeping, or 
aseismic (Jolivet et al., 2015; Maurer and Johnson, 2014; Bakun et al., 2005). The 
western and eastern ends of the northern Charlie-Gibbs fault have many earthquakes 
recorded in the NEIC catalog and gCMT catalog since 1976, however recorded 
seismicity is relatively sparse in the middle of the transform in the area of the 1998 
events.  This is consistent with high resolution observations made on the Gofar and 
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Discovery transform, but at a larger scale. The area of the fault at the ridge-transform 
intersection is capable of rupturing in small thrust and strike-slip events, but the middle 
area has not hosted an event larger than a mb 4.7 outside of the 1998 and 2015 
mainshocks and their fore- and aftershock sequences.  We cannot discount small 
magnitude events (MW ≤ 5.5) or microseismicity and characterizing full fault behavior is 
impossible without a higher resolution study. However, the gCMT catalog is complete 
down to MW 5.4 [± 0.05] in this area and the ISC is complete down to MW 4.3 [± 0.2] 
(Woessner and Wiemer, 2005). It is unlikely that earthquakes of MW ≥ 5.5 would be 
consistently missing from the catalogs since 1980.  The alternating behavior of large (MW 
≥ 6.25) earthquakes holds true, with one occurring on the eastern half of the Charlie-
Gibbs transform followed by an earthquake on the western half.  This behavior is 
consistent with patches of the transform fault that are highly coupled, separated by a 
rupture barrier in the approximate middle of the transform.   
The quasi-periodic earthquake sequences of the northern transform of the Charlie-
Gibbs fracture zone has put it in the same category with faults like the Blanco, Gofar, and 
Heezen transforms. The Heezen transform has a segment of 30-42 km that ruptures quasi-
periodically [4 year, +- 1 year] in events of MW 5.9-6.1 (Sykes and Ekström, 2012). These 
faults have all displayed segmentation and forecastable earthquakes, and with their faster 
spreading rates we have observed more cycles of earthquakes of MW 5.6-6.4.   
The Charlie-Gibbs transform is slower slipping [2.48 cm/year], longer [195 km], 
and hosts larger magnitude earthquakes [MW > 6.0].  This fits well with the scaling 
relations of Boettcher and McGuire (2009).  With the 2015 event we have been able to 
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extend the nearly 100 year record to show two separate quasi periodic earthquake cycles 
on the same transform with repeat times of 28-32 years.  This is the longest and largest 
repeating earthquake cycle on an oceanic transform, and shows that the behavior 
observed on faster slipping faults scales with transform length and slower rates of slip.   
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5.5 SUPPLEMENTARY INFORMATION 
5.5.1 Figures 
              
 
Figure 5.1. Earthquakes along the northern transform of the Charlie-Gibbs fracture 
zone.  Longitudes are taken from the NEIC catalog and from Kanamori and Stewart 
(1976) for the 1941 earthquake. Larger circles denote events with greater magnitudes.  
Filled in circles correspond to the events that are in the two quasi-periodic sequences. 
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Figure 5.2. Tectonic setting of the northern transform of the Charlie-Gibbs fracture 
zone.  Top is bathymetry from GEBCO and bottom is lithospheric age (Müller et al., 
2008). 
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Figure 5.3. Point source model of the 1998 MW 6.7 earthquake.  
 
 
98047B1A  04-09-2015 GDLPx5 GDLSx1.5  99/88/180/14/1.162E19
1998047 Depth Fixed
8.
40
5d
0 70s
0 18s STF
A
A
L
E
 
 
A
d
BS
S
P
A
 
B
d
C V
S
L
 
 
C
d
D
R
E
S
 
 
D
d
E
T
R
T
E
 
E
d
F
K
I
E
V
 
F
d
G
F
F
C
 
 
G
d
H
T
A
M
 
 
H
d
I
A
N
T
O
 
I
d
JH
K
T
 
 
J
d
K
K
O
G
 
 
K
d
L
J
N
M
T
 
L
d
M
C
O
L
A
 
M
d
N
S
D
V
 
 
N
d
O
E
I
L
 
 
O
d
P
B
R
V
K
 
P
d
Q
H
D
C
 
 
Q
d
R
T
L
Y
 
 
R
d
S F
U
R
I
 
S
dT
S
H
E
L
 
T
d
U
N
N
A
 
 
U
d
V
T
S
U
M
 
V
d
W
C
B
K
S
 
W
d
 .
28
0d
AA
A
M
 
 
A
d
B
A
N
T
O
 
B
d
C A
T
D
 
 
C
d
D
B
I
L
L
 
D
d
E
B
J
T
 
 
E
d
F
C
B
K
S
 
F
d
G
E
I
L
 
 
G
d
H
E
Y
M
N
 
H
d
I
F
F
C
 
 
I
d
J F
U
R
I
 
J
d
K
I
N
C
N
 
K
d
L
K
I
E
V
 
L
d
M
M
A
2
 
 
M
d
NM
C
W
V
 
N
d
O
P
D
G
 
 
O
d
P
P
T
G
A
 
P
d
Q
R
E
S
 
 
Q
d
R
T
A
M
 
 
R
d
S
T
I
X
I
 
S
d
T
T
R
R
B
 
T
d
U
T
R
T
E
 
U
d
V
T
S
U
M
 
V
d
W
U
N
M
 
 
W
d
X
V
T
S
 
 
X
d
Y
W
C
I
 
 
Y
d
Z
W
D
D
 
 
Z
d
142 
 
 
 
Figure 5.4. Depth sensitivity testing of the 1998 MW 6.7 earthquake. Lower variance 
corresponds to a better fit to the data, with the minimum reaching a plateau with a fixed 
centroid depth from 2 to 11 km. The mechanism is stable across all fixed depths. 
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Figure 5.5. Line source model of the 2015 MW 7.1 earthquake.  
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Figure 5.6. Depth sensitivity testing of the 2015 MW 7.1 earthquake. Lower variance 
corresponds to a better fit to the data, with the minimum at a fixed centroid depth of 12 
km. The mechanism is not stable at fixed depths less than 5 km and rotates significantly 
at fixed depths lower than 30 km.   
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Figure 5.7. Large finite fault model of the 2015 Charlie-Gibbs earthquake. This 
model was run with a rupture velocity of 3 km/s and with a fault length of 125 km and a 
fault width of 22 km. Recorded seismograms are plotted in black and red are synthetics.  
P waves are plotted on the left and SH waves on the right, ordered from top to bottom by 
azimuth from the earthquake. 
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Figure 5.8. Constrained fault plane for finite fault modeling of the 2015 Charlie-
Gibbs earthquake. This model was run with a rupture velocity of 3 km/s and with a fault 
length of 125 km and a fault width of 10 km. Recorded seismograms are plotted in black 
and red are synthetics.  P waves are plotted on the left and SH waves on the right, ordered 
from top to bottom by azimuth from the earthquake. 
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Figure 5.9. Fault width testing of the 2015 Charlie-Gibbs earthquake. Fault areas 
tested were length of 150 km and width of 30 km (red triangles), length of 125 km and 
width of 22 km (black open circles), and length of 125 and width of 10 km (blue filled in 
circles).   
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5.5.2 Tables 
Table 5.1. Earthquake source parameters for the Charlie-Gibbs transform. 
 NEIC gCMT Kanamori and Stewart (1976) 
Date MW Lat/Lon Depth MW Lat/Lon Depth S/D/R MW Lat/Lon Rupture 
Length 
SDR Depth 
2015/02/13 7.1 
MWW 
52.6354/-
31.8837 
16.4 7.1 52.62/-
32.77 
23.6 278/80/-
159 
     
1998/02/16 6.8 
MWC 
52.718/-
33.677 
10 6.7 52.76/-
33.78 
15 277/87/-
170 
     
1974/10/16 6.9 MS 52.636/-
32.07 
33     6.9 
MS/5.8 
mb 
52.64/32.07 70km 
 
185/88/180 11 (0-
20 
1967/02/13 7.0 MW 52.812/-
34.14 
10     6.5 
MS/5.5 
mb 
52.7/34.1 60km 
 
185/88/180 11 (0-
20) 
1954/12/11 6.3 MW 52.73/-
32.013 
15     6.5 MS 52.7/32.0  No pattern  
1941/06/18 (~6.25) (52.5/34.1)      6.25 MS 52.5/34.1  Maybe the 
same 
 
1923/09/30 6.7 MW 52.94/-
32.255 
10     6.5 MS 54.0/32.0    
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CHAPTER 6: DISCUSSION AND CONCLUSIONS 
Large oceanic strike-slip earthquakes are more common than continental strike-slip 
earthquakes with a MW ≥ 7.0 occuring about once a year (NEIC). Though the oceanic 
strike-slip faults have a greater extent, they have been studied in less detail due to their 
inaccessibility relative to continental faults. The work here provides significant new 
information on behavior of both large transform and intraplate earthquakes. Centroid 
depths are calculated and finite fault slip inversion analysis is perfomed on new 
earthquakes in diverse tectonic settings. These results can address regional issues, as 
described in Chapters 2-5, but the results can also address more fundamental earthquake 
problems that will be discussed in this chapter.  
 
6.1. Rupture of Large (MW ≥ 7.0) Earthquakes  
We combine the results of this study with previous studies. The first examined the 
source properties of two different earthquakes: the Abercrombie and Ekström (2001) 
study on the 1994 MW 7.0 Romanche transform earthquake and the Antolik et al. (2006) 
study on the 2003 MW 7.5 Carlsberg fracture zone earthquake. Both of these earthquakes 
exhibited unusual behavior by initiating rupture in an area of low slip, with rupture 
propogating unilaterally before ending in one or more high slip asperities more than 50 
km along strike from the hypocenter.  Generally earthquake hypocenters are co-located 
with an area of high slip, as seen in many continental and subduction zone earthquakes 
(Mai et al., 2005).  Not all earthquakes hold to this rule, however, as similar behavior was 
observed for the 2002 MW 7.9 Denali fault and 2001 MW 7.8 Kunlun fault earthquakes. 
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These were both continental earthquakes that were modeled to have a paucity of slip 
around the hypocenter contrasted with the majority of slip concentrated 150-250 km 
along strike (Ozacar and Beck, 2004). Though these four earthquakes occurred in very 
different settings, the behavior is comparable in extent and magnitude. 
The three transform fault events in this study were also comparable in extent and 
magnitude: the 2006 MW 7.4 South Sandwich Island earthquake, the 2013 MW 7.3 South 
Sandwich Island earthquake and the 2015 MW 7.1 Charlie-Gibbs earthquake. These 
earthquakes exhibited similar behavior to the 1994 Romanche and 2003 Carlsberg events 
with unilateral rupture initiating in young lithosphere and the majority of slip occurring 
along strike in older lithosphere. Figure 6.1-6.2.  
The 2006 MW 7.0 South Sandwich interplate earthquake and the 2013 MW 7.5 
Craig earthquake are the only two non-transform, plate boundary earthquakes in this 
study and they both ruptured along a boundary where oceanic and continental lithosphere 
meet.  These two display opposite behaviors to one another. The Craig earthquake was 
deficient in aftershocks while the 2006 interplate earthquake produced the magnitudes 
expected for a continental earthquake of that size. The 2006 interplate earthquake 
ruptured for a longer time than a typical earthquakeof that size, while the Craig 
earthquake ruptured for a shorter time. It appears that the Craig earthquake, and other 
mainshocks along the Queen-Charlotte Fairweather fault are controlled by the oceanic 
side of the fault (Aderhold and Abercrombie, 2015).  It has been proposed that the 2006 
interplate earthquake is rupturing entirely within the continental portion of the 
continental-oceanic boundary due to the weaker quartz rheology (Galindo-Zaldívar et al., 
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2002). Difference in the strain loading of these two areas may be controlling which side 
dominates the faulting behavior along an oceanic-continental fault.  In the South 
Sandwich Islands the boundary is complex and the deformation is diffuse (Galindo-
Zaldívar et al., 2002), whereas along the QCF fault, the plate velocity is parallel to the 
fault and the boundary is straight and well defined by seismicity.   
To compare earthquake behavior relative to tectonic setting, we divide them into 
plate boundary [2006 and 2013 South Sandwich Island, 2013 Craig, 2015 Charlie-Gibbs] 
and intraplate events [2005 and 2012 Sumatra, 2008 South Sandwich Island].  To 
calculate a parameter that is proportional to stress drop, we take the moment of the finite 
fault model and divide it by the area of the fault that hosted slip taken to the power of 3/2, 
consistent with Kanamori and Anderson (1975): 
 
Stress Drop∝ M0
Area( )3/2
 
 
The result is plotted in Figure 6.3, and is ordered both by tectonic setting and 
decreasing order of the stress drop parameter.  Oceanic strike-slip earthquakes appear to 
have distinct behavior depending on if they occur in interplate settings (plate 
boundary/transfom) or intraplate settings (fracture zones).  The highest value is observed 
for the 2005 Sumatra earthquake, which had impulsive compact slip very near the 
hypocenter.  The 2005 earthquake also likely ruptured unilaterally along a reactivated 
westward oriented fault that may not have ruptured recently. It is also possible that the 
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westward oriented fault did not exist before and was produced by the oblique subduction 
and internal plate deformation in this area (Royer and Gordon, 1997). The next two 
highest values are for the 2012 Sumatra and the 2008 South Sandwich Islands 
earthquakes. Both of these were also intraplate earthquakes that also ruptured within a 
subducting oceanic plate near the trench, with the 2012 rupturing bilaterally east-west 
and the 2008 unilaterally southwest.  Neither of these earthquakes had concentrated slip 
like the 2005 earthquake, however both had slip near the hypocenter and a relatively 
short duration.  
The lowest stress drop parameter value calculated is the 2013 South Sandwich 
transform earthquake, which is also the longest duration earthquake as determined by the 
centroid minus half duration gCMT time. The difference between the rupture 
characteristics of the 2013 earthquake and the 2005 earthquake is clearer when the slip 
area is compared relative to the average slip, Figure 6.4. The other three interplate 
earthquakes do not have a long rupture duration like the 2013 earthquake, but they all still 
show lower values than the intraplate earthquakes. Our results are consistent with those 
that Ozacar and Beck (2004) found when comparing other large strike-slip earthquakes.  
Low stress is typically observed for earthquakes along interplate settings like transform 
faults, and also for events along plate boundaries like the 2013 Craig earthquake. It was 
unusual to observe such low stress for the earthquakes Denali and Kunlun earthquakes 
since they appear to be rupturing in a continental intraplate setting though they correlated 
well with interplate events suggesting a weak fault (Ozacar and Beck, 2004). This 
153 
 
 
observation implies that oceanic and continental strike-slip earthquakes can share similar 
behaviors despite varied transform, interplate and intraplate settings. 
 
6.2. Multi-modal Failure and Complementary Slip  
Boettcher and Jordan (2004) presented four distributions of fault failure, with three 
adhering to single-mode failut and one with multimode behavior, implying that oceanic 
strike-slip faults can rupture as either aseismic or seismic, Figure 1.3. It is difficult to 
determine which of these fault failure distributions fits the behavior of real faults best, 
since earthquake location errors are still large, particularly with depth.  The rupture 
observed along oceanic strike-slip faults raises questions about whether or not a segment 
ruptures only seismically, only aseismically, creeping or can behave in all of these 
manners depending on other factors influencing the fault strength.  
With the slip distributions and centroid depths for the earthquakes that we have, 
the largest ruptures do not appear to be limited to the top or the bottom of the 
seismogenic zone, but are rather varied along strike, Figure 6.2. The results from 
Chapters 2-5 support both the multi-mode behavior, where aseismic and seismic slip can 
at occur on the same part of fault, as well as a fixed variation that can perpetuate for 
multiple earthquake cycles.   
Some fault areas do exhibit consistent behavior, or similiar slip quantities over 
multiple seismic cycles, most easily observed through seismic slip coupling along strike. 
This can show variations the variations at oceanic transform faults and at fracture zones.  
Faster plate velocities will allow for more seismic cycles and more clarity in 
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observations.. Along strike differences in sesismic/aseismic fault coupling to produce 
earthquakes larger than MW ≥ 5.0-5.5 were found along the Eltanin transform fault 
system, with some segments showing strong coupling and quasi-repeating events and 
some segments with no recorded events larger than MW 5.0 (Sykes and Ekström, 2012). 
The existence of segmentation along the Eltanin fault was attributed partially to the 
presence of small spreading centers, though the location of these is not known for the 
entire transform (Lonsdale, 1994). These segments are not likely to have ruptured in an 
event larger than MW 7.0 since 1920 from historical data (Stewart and Okal, 1983).  
The largest earthquakes do not necessarily occur in the area of the transform 
furthest from the ridge, which is the section that would have the largest seismogenic 
width assuming a thermally controlled limit to brittle failure and half space cooling 
model. With alternative thermal models, the edge of the transform would have the largest 
seismogenic width and the middle would be the thinnest (Behn et al., 2007). In the case 
of Eltanin, some of the largest events had their centroid within 25 km of the ridge end 
points (Sykes and Ekström, 2012). Our earthquake observations also followed this in that 
the earthquake always initiated closer to the ridge and ruptured towards the middle of the 
transform (Figure 6.2). It is difficult to distinguish along strike varation in depth of the 
slip as it is not well constrained, but the amplitude of the slip along strike is better 
resolved.  With more observations along more faults, as well as more observations along 
the same faults, a clear pattern may be distinguished. For all five of the largest—but 
simple and pure strike-slip—earthquakes that occurred in the last twenty years to all 
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initiate near a ridge and then rupture towards the middle of the transform suggests that 
this behavior may be typical. 
Since the transform fault earthquakes in this study occur on faults that we know 
have a component of aseismic slip accommodating motion along the fault, they can be 
compared to the San Andreas fault and the behavior of the creeping section near 
Parkfield. Multimodal behavior is observed here, with heterogenous seismic coupling and 
strain accumulation in the creeping section and the possibility of seismic rupture 
sustained on “rupture barrier” sections of aseismic fault (Jolivet et al., 2015). Some of the 
quadi-periodic segments along the Eltanin system can be ruptured together to produce a 
larger event, which was observed along the Heezen segment (Sykes and Ekström, 2012). 
Rupture along a recently ruptured, and therefore relieved, segment was also observed for 
the Japan subduction zone in the area of the 2011 MW 9 Tohoku-Oki earthquake (Johnson 
et al., 2012). The complementary slip patterns of the 2013 and 2006 South Sandwich 
earthquakes join these observations, where a fault segment of low built up stress is 
unexpectedly able to sustain slip across it rather than act to terminate the rupture. This 
has obvious implications for seismic hazard, and determining the true controls on fault 
behavior through further observations will improve our ability to determine hazard.   
 
 
 
 
 
 
 
 
 
156 
 
 
6.3. Depth of Seismic Rupture on Oceanic Strike-Slip Faults 
The depth of seismic rupture in oceanic lithosphere has been examined from three main 
angles: laboratory measurements, thermal models, and earthquake observations.  We 
consider these first two through previous studies and compare them with the earthquake 
observations we have made in Chapters 2-5.   
 A thermal control to seismic rupture in oceanic lithosphere was tested with 
laboratory measurements of olivine aggregates by Boettcher et al. (2007). The samples 
were dry and underwent confining pressures to mimic those of the oceanic upper mantle 
where the transition from brittle to ductile failure is expected to occur. When the 
laboratory strain rates were scaled to those that are likely to occur along oceanic 
transform faults, the velocity weakening to strengthening transition was at a temperature 
of 600ºC. Deformation on periodotite mylonites was also extrapolated to mimic the very 
base of the sesimogenic zone, with similar temperatures of 600-800ºC consistent with the 
olivine flow laws (Warren and Hirth, 2006). By including grain size they were able to 
create a mechanism for permanent weakening in conditions appropriate for the transition 
from brittle to ductile deformation. Basalt has also been tested at crustal conditions and 
remained brittle until 800ºC (Violay et al., 2015). 
 Thermal models of oceanic lithosphere have often been simplified to half space 
cooling models.  When these are utilized for transform faults an average is usually taken 
across the fault to determine the effects of having an older, colder lithosphere adjacent to 
younger, warmer lithosphere. This results in the widest potential seismogenic width in the 
middle of the transform, with a rapid decrease in isotherm depths as the ridge end points 
157 
 
 
are approached.  We have calculated these for the Gofar fault (young, short, fast) and the 
Romanche fault (old, long, slow) for comparison, Figure 6.6.  While simple, these models 
do explain the earthquake depth and slip distributions we observed, Figure 6.2.  However 
if more realistic thermal models are calculated by including a visco-plastic rheology, the 
isotherms decrease in depth in the middle of the transform and increase in depth in the 
areas near the ridge axis (Behn et al., 2007). The largest seismogenic width is near the 
ends of the transform fault, which is where the largest earthquakes are nucleating on 
these faults. The warmer middle section of the fault could explain why large transform 
fault events do not initate in the center.  This could also have implications for the Charlie-
Gibbs transform that appears to have a persistent rupture barrier in the center.   
The half space models in this study are all calculated assuming a mantle potential 
temperature of 1350ºC.  Recent work by Dalton et al. (2014) has presented evidence for 
the variation of mantle temperatures beneath ridges, with temperatures up to nearly 
1500ºC at depths of 400 km. The areas with the highest temperatures are in the presence 
of hot spot volcanism.  To quantify the effect a higher or lower mantle temperature would 
have on the isotherms, I calculate the half-space cooling models for the extremes of 
1250ºC and 1500ºC, Figure 6.5. These show that this range of temperature corresponds to 
a spread in isotherm depth of up to 5 km for the 800ºC isotherm along the Charlie-Gibbs 
transform. This range is smaller for younger/faster spreading and shorter transforms, and 
is smaller for all cooler isotherms. All transforms in this study are not nearby hotspots, 
except for the Bowie hotspot near the Queen Charlotte-Fairweather Fault. There was no 
evidence for unusually high tempeartures near this fault nor the faults around the South 
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Sandwich Islands as these were not included in the Dalton et al. (2014) study. I use the 
average 1350ºC mantle potential temperature with the caveat that there are possible 
thermal variations corresponding to several kilometers of difference in depth to the 600-
800º isotherms.   
 The range in depth to the 400-800ºC isotherms for the shorter, faster spreading, 
and younger Gofar transform is less than 5 km, compared to the greater than 20 km 
variation for the longer, slower spreading and older Romanche transform, Figure 6.2.  
With errors in centroid depths determined by teleseismic body waves of ~3 km, it would 
not be expected to find variation in earthquake depth for the younger faults like Gofar 
using the methods in this study. Larger seismogenic widths also allow for larger 
earthquake magnitudes, which are needed for adequate recordings of teleseismic body 
waves. To determine the thermal control on seismogenic width using teleseimic body 
wave modeling of centroid depths, the longest, oldest and slowest transforms are most 
useful.  
Earthquake observations are consistent with both the laboratory and thermal 
models, with the maximum depths limited to be above the 600ºC isotherm for the 
Romanche transform (Abercrombie and Ekström, 2001), the Eltanin Fracture Zone 
system  (Sykes and Ekström, 2012) and the Jan Mayan transform fault (Rodríduez-Pérez 
and Ottemöller, 2014; Boettcher and Jordan, 2004). Intraplate earthquake observations 
are also consistent with this limit (Buchanan, 1998; McKenzie et al., 2005; Chen and 
Molnar, 1983). In the Wharton Basin, there was no evidence for earthquake slip below 
the 800ºC isotherm like that modeled for the 2012 MW 8.6 strike-slip earthquake (Wei et 
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al., 2013; Hill et al., 2015). One of the deepest earthquake centroids was the aftershock of 
the 2012 mainshock, perhaps implying that strain rate could increase the seismogenic 
width after large earthquakes (Rolandone et al., 2004).  Unfortunately the aftershock 
sequence of the M 8+ earthquakes was not productive in earthquakes large enough to 
model teleseismically and we have no further events to compare temporal evolution of 
centroid depth. The Bay of Bengal earthquake was the only event that ruptured beyond 
the 800ºC isotherm, if we take into account the shallowing of isotherms in lithospheric 
ages of greater than 80 My. However the fits to the depth phases of this earthquake is 
dependent on the source structure above it, with at least 8 km of sediment. A thick 
sediment layer may have implications for the heat flow as well, which would also raise 
the isotherms.   
Earthquakes in oceanic lithosphere are limited to slip above the 600-800ºC 
isotherm, with very few exceptions. Earthquake rupture along oceanic transforms appears 
complex given that there is very little difference in lithosphere along strike, suggesting 
that thermal controls are either not modeled well enough by the half-space cooling model 
or that there are other factors that control seismic slip.  More observations will improve 
our conclusions, and that can be accomplished either by waiting for more large 
earthquakes, deploying more and better oceanic equipment to record events, or by 
improving our ability to determine earthquake source parameters for smaller oceanic 
earthquakes through the use of large seismometer arrays.   
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Figure 6.1. Hypocenter depth and slip asperities of transform fault earthquakes by 
depth and lithospheric age.  Hypocenter locations are given by star symbols and slip 
asperities are shown in rectangles.  Asperities are defined by rectangles encompassing 
areas with at least 25% of the maximum slip. Isotherms are shown for a half-space 
cooling model with a mantle potential temperature of 1350º C. 
 
 
 
 
 
 
161 
 
 
 
 
 
 
 
 
 
Figure 6.2. Half-space cooling isotherms [400ºC, 600ºC, 800ºC] and MW ≥ 7.0 
earthquake hypocenter depths and main slip asperities.   Isotherms are plotted for 
Gofar transform fault (black), Carlsberg Ridge fracture zone (orange), Charlie-Gibbs 
transform fault (teal), South Sandwich Islands fracture zone (purple), and Romanche 
transform fault (pink).  Earthquake hypocenters are plotted as stars and main slip 
asperities are plotted as rectangles. Asperities are defined by rectangles encompassing 
areas with at least 25% of the maximum slip. Isotherms are shown for a half-space 
cooling model with a mantle potential temperature of 1350º C. 
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Figure 6.3. A parameter proportional to stress drop. This parameter is calculated 
using the area of the fault that hosted slip and the moment of the earthquake for the best 
finite fault model.  Red and blue symbols indicate the earthquake occurred in an 
intraplate or plate boundary setting respectively.  
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Figure 6.4. Earthquake size. Two earthquakes from this study are presented with their 
source characteristics for comparision with the well-known 1992 Landers earthquake as 
an example of continental strike/dip slip and the 1964 Alaska subduction zone earthquake 
(After Stein and Wysession, 2003; Wald et al., 1991).   
 
2005 MW 7.2 
Off-Sumatra
Intraplate Oceanic
10 km x 33 km
Average slip 8.4 m
1.0 x 1027 dyne cm
2013 MW 7.3 
South Sandwich Islands
Transform
36 km x 100 km
Average slip 1.5 m
1.9 x 1027 dyne cm
1992 MW 6.9 
San Andreas (Landers)
Continental
15 km x 35 km
Average slip 1.4 m
2.2 x 1026 dyne cm
(area of outside rectangle)
1964 MW 9.2 
Alaska
Subduction Zone
200 km x 350 km
Average slip 7 m
5.2 x 1029 dyne cm
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Figure 6.5. Halfspace cooling model for the Charlie-Gibbs fracture zone northern 
transform segment.  Solid lines show 600ºC (pink) and 800ºC (black) isotherms 
assuming the preferred 1350ºC mantle potential temperature. Dashed lines show the 
range for mantle potential temperatures between 1250-1500ºC.     
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Figure 6.6. Halfspace cooling models for the Gofar (top) and Romanche (bottom) 
transform faults.  Isotherms between 400-800ºC are plotted assuming a mantle potential 
temperature of 1350ºC. This comparison shows the larger variation in depth to isotherms 
along the older, colder and slower Romanche fault than the younger, warmer and faster 
Gofar fault. 
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